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ALLOYS OF IRON AND CHROMIUM 
By V. N. KRivopoxk 


Abstract 


All metallic alloys, t.e., their physical characteristics 
are governed by the principles of physical chemistry. 

Unless observed experimental results are explainable 
by these principles incorporated in the diagrams of thi 
alloys, our knowledge and understanding is incomplete. 

lron-chromium systems may serve as an illustration 
and was chosen for that purpose. It was found that these 
alloys, practically free from carbon and other usual im 
purities including gases, are susceptible to age hardening. 
The same alloys show profound and rather sudden change 
in mechanical properties at certain chromium concentra- 
tions. They are subjected to volume changes at elevated 
temperatures. Hence they can not be of ideal solid solu- 
tion type. And, it is thus quite conceivable that many in- 
dustrial problems would find an answer only through 
further basic research. 

This research, however, would have to deal with very 
complex questions since mere alterations in the diagrams 
of the alloys would not explain such observations as, for 
example, the influence of low and slightly elevated tem- 
peratures fully covered in the lecture, on certain mechani- 
cal properties of iron-chromium and_ iron-chromium- 
carbon alloys. Further,—as if the problem were not 
sufficiently difficult, the great affinity of chromium (and 
consequently chromium alloys) for nitrogen gas is care- 
fully studied. Nitrogen, when present, acts much in the 
same manner as carbon, conferring upon alloys the ability 
to harden and generally alter their physical properties. 

This is the Ninth Edward De Mille Campbell Memorial Lecture, presented 
by Dr. V. N. Krivobok, professor of metallurgy, Carnegie Institute of Technol- 
ogy, Pittsburgh, and associate director of research, Allegheny Steel Co. 
Brackenridge, Pa. The lecture was presented at the Sixteenth Annual Conven 
tion of the Society in New York City, October 3, 1934. 
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FASCINATING pastime,—doubtless enjoyed by some ot you, 
A is to turn backward and trace, through manuscripts centuries 
old, legends, and even songs, the first conceptions of that particular 
art, industry, or science to which we devote our labors. Gratifying 
as it is to observe the strides made through centuries, it is even more 
fascinating to follow the evolution of an art into a science. 

Chere is a strange entrancement in the following quotation, 
which is attributed to Cardanus, naturalist, philosopher, and mathe 


matician, who lived in the fifteenth century : 


“Steel is nobler than iron and exists in two forms; 
namely, as made steel and as native steel. When it is well 
cleaned, then heated, and quenched three or four times in 
equal parts of radishes and water which had contained earth 


worms, it cuts iron lke lead 





The picturesque phraseology assists in resurrecting a picture of 
the status of metallurgy in that and preceding centuries: quaint and 
inysterious recipes, jealously guarded secrets of the metallurgical art. 

A tew hundreds of intervening years: Metallurgical industry 
rapidly becomes a potent factor in technological progress. Progress 
demands understanding. Through the accomplishments of Edward 
De Mille Campbell, Albert Sauveur, Henry Marion Howe, Sir Wil 
lam Roberts-Austen, Floris Osmond, Gustav Tammann, Dimitri 
(chernoff, and many of their predecessors and contemporaries, 
metallurgy and metallography take their legitimate place among other, 
older sciences. The brilliant researches of those distinguished scien 
tists,—a sequence of logical thought,—served to establish funda 
mental principles by which could be explained not one, but many, 
seemingly unrelated, experimental facts, whether from the laboratory 
or from the works. Throughout all of the scientific researches of 
Professor Campbell is seen the influence of this attitude, so clearly) 
expressed by Floris Osmond: 

‘Modern science must treat metal like a living organism 
We are led to study its anatomy, 1.e., its physical and chemical 
constitution; its biology, 1.e., the influence exerted upon its 
constitution by the various treatments, thermal and mechan- 
ical; and its pathology, i.e., the action of impurities and de 
fective treatments upon its normal constitution.” 


You, who followed the leaders, have travelled far in your chosen 
held of endeavor. In many instances the course of modern research 
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was so laid out as to follow the expressed advice of Osmond. As a 


consequence, the understanding of fundamental facts in certain fields 
N 


is well advanced. In others, however, such as the multiple complex 


alloys of iron, we merely accumulated vast amounts of experimental 
data, mostly pertaining to various properties. This accumulation is, 
no doubt, important; yet the fact should be faced that attempts at 
generalization are, at times, unsuccessful. Data emanating from 
various sources are frequently disconnected, in many instances con 
tradictory, and, in some cases, quite mysterious. In the absence o1 
in the incomplete understanding of fundamental premises it is an 
impossible task to eliminate the doubtful and preserve the reliable. 
(One wonders if the study of metal “anatomy”, as defined above, has 
not been neglected, unwillingly, of course, but still unwisely. 

The profitable field of endeavor should be found in further in 
quiries into the anatomy of metals; not with the idea of merely 
securing abstract information, but for the purpose of analyzing and 
correlating it with existing and future biological and pathological 
knowledge. It should further be emphasized that such analysis 
should be careful and unbiased; those facts that may not fit into the 
structure of a certain branch of our knowledge as accepted today 
should not be shelved or disregarded without additional inquiries. 
Metallurgy has, as yet, only a few axioms. 

The topic selected for this Campbell Memorial Lecture has been 
extensively studied. It is closely related, through underlying funda- 
mental facts, to many other fields. The generally accepted theoretical 
concepts and independently secured experimental results are, in some 
cases, in obvious and perturbing disagreement. Finally, this par 
ticular field is very important from the humanitarian, engineering and 
artistic point of view. 

These are the reasons why I have chosen, with, | feel, the silent 
approval of Edward De Mille Campbell, to offer a discussion ot 
“Alloys of Iron and Chromium”, a subject so illustrative of my beliet 
in the wisdom of correlated studies of fundamental principles and 
their application to industrial problems. 


THe NATURE OF I[RON-CHROMIUM ALLOYS—THEIR DIAGRAM 


A broad statement (but basically true) may be made that in 
alloys the properties of the predominating metal are generally pre- 
served, at least within some limits of composition. The introductory 
remarks alluded to the existence of some peculiar, as yet unexplained, 
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properties in alloys of iron and various elements, such as silicon, 
aluminum, chromium, and others. Before offering the discussion of 
iron alloys. it may be well to note that iron in itself 1s a somewhat 
unusual metal. It is, of course, general knowledge, that iron exists 
in two polymorphic modifications,’ alpha, maintaining its identity 
up to 906 degrees Cent. ( 1663 degrees Fahr.),° gamma from 906 to 
1401 degrees Cent. (1663-2555 degrees Kahr.) and then alpha (gen 
erally known as delta) again up to the melting point: the tem 
peratures ol YOO and 1401 degrees Cent. (1663 2555 degrees Kahr. ) 
corresponding, as we all know, to A, and A, transformation points. 

Che identity of alpha and delta phases is universally accepted 

at least, | have not received any dissenting statement from those 

of whom | have inquired. Accordingly, we encounter in iron the 
existence of one and the same polymorphic form, over different 
ranges of temperature, with these temperature ranges rather widely 
separated lo the best of our knowledge iron and cobalt are the 
only two metallic clements exhibiting such unique properties.® 

It will be found that in alloys of iron and limited amounts of 
such elements as chromium, silicon, molybdenum, and others (existing 
as a series of solid solutions), the polymorphic history of iron is re 
peated. Should we wonder, then, if many iron alloys are much more 
complex than we anticipated? The polymorphic transformations, 
above referred to, take place in the same order, alpha to gamma 
and back to alpha, with the only difference that these transformations 
occur in solid solutions of variable composition instead of in pure 
metal. The temperatures of transformations are variously modified 
depending on the alloying element. In the system iron-chromium 
(Fig. 1) the alpha to gamma (A,) point is first slightly lowered, then 
shifted upwards while the subsequent gamma to alpha (A,) point is 
continuously lowered 

\t a certain concentration,’ different for different alloying ele- 


ments, the two temperatures coincide, and, therefore, no polymorphic 








The 





“beta’’ iron may be conveniently 


excluded from our discussion 


According to the latest work of Austin and Pierce (1) on high purity iron, the alpha 
) gamma transtormation occurs at 928 degrees Cent. (1700 degrees Fahr.) 


Che figures appearing in parentheses refer to the bibliography appended to this lecture 


‘Granted, however, that it is unusual, it is not contrary to the principles of thermo 


dynamics Without going into details, it may simply be stated that gamma iron has the 
smaller free energy between the Ag and A, points; hence the spontaneous change in the 
lirection from alpha to gamma Upon further heating, the temperature coefficient of free 
energy of gamma iron exceeds that of alpha and above the A, point the reversed process, 
change from gamma iron to alpha, takes place. For the detailed study see book by Schenck, 
Physicalische und Chemische Etsenhiittenprosesse, or a pamphlet by Svetchnikoff on 


polymorphic transformations in metals (in Russian) Journal of Techmical Physics, 1934, 
No. 2, p. 254, also Dehlinger, Zeit. fiir Physik, Vol. 65, 1931, p. 535 
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transformation will occur: Beyond this particular concentration, solid 
alloys exist as one and the same® phase at all temperatures hi 
phase diagrams tor such alloys are characterized by the presence ot} 


the so-called “gamma loop.” Theoretically, one phase alloys (detin 








Phase Diagram for Iron-chromium Alloy 


ing “phase” as a crystal structure) should be simple: Most ot them 
belong, because of their atomic configuration and distribution, to thi 


class of primary substitutional solid solution (in which solute atoms 


replace solvent atoms, the two kinds of atoms generally being dis 


tributed at random, and the lattice of the parent metal being re 


tained ).° 


‘See the work of Kinzel (37), Maurer (38), Kreutzer (7), 

ind Vegesack (8). 
SExcept for lattice parameter, and excluding magnetic transtormation 
®Solid solutions are classified as follows 


l (a) Primary substitutional, (b) Primary interstitial, 
Secondary solid solutions, and 
Intermetallic compounds of fixed or variable mposition 
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Conductivity of Gold-silver Alloys 


lhe same characteristics are found in those alloys that form 












solid solutions over only a limited range of concentration: Copper- 
zinc, 1ron-manganese,—to name a few at random. The iron-chromium 
system may also be included—it is generally accepted that these two 
elements bond together in the manner of primary substitutional solu 
tions. Since alloys of this class do not exhibit polymorphic trans 
tormation, their constitution upon heat treatment remains unchanged 
and their properties cannot be radically altered: Alloys preserve to a 
greater or lesser degree the individual characteristics of the pre- 
dominating metal Perhaps the most outstanding characteristic of 
the series of such alloys is that a change in concentration of the solute 
brings about a continuous change in properties. | Many examples, 


some of which could truly be called classic, can be cited, especially in 









the nonferrous field. Almost any property (for example electri: 
conductivity ) could be selected to illustrate the general type of curv: 
(Fig. 2) obtainable either in gold-silver or copper-nickel alloys, 
typical from among the primary substitutional groups. This be 
havior 1s not restricted to two component systems : It is also found 
in the more complex multi-component alloys. 





Uhree-Component System—Fe, Cr, C 


In most alloys of iron, carbon is usually present in appreciable 
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amounts: Carbon should, theretore, be considered as a third com 


ponent. Ordinarily, even small amounts of carbon result in the 


formation of a new phase (carbide), but, in certain cases, it becomes 











-G0 
Per Cent Carbon 
Fig. 4——-Cross Section of the Phase Diagram for Iror 


chromium-carbon Alloys Taken at 6 Per Cent Chromium 


an invisible and indistinguishable part of a solid solution This is 


true, within limited concentrations, of iron-chromium-carbon alloys, 
\ny graphi 


and an attempt will be made to show it graphically 
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representation ot the three-component system necessarily a space 


model——byv me: of a drawing is not easy to comprehend ‘There 


a wav ot presenting thre change brought about by additions ot 


on of the Phase Diagram fot 


Taken at 1 Per Cent Chromium 





1.60 


ross Section of the Phase Diagram tor lron 
rhon Alloys Taken at 18 Per Cent Chromium 


chromium to the iron-carbon system through a series of cross-sec 


tional diagrams, drawn parallel to the carbon concentration 
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temperature plane: The film on the sereen shows such eross section 


at intervals of 2 per cent chromium. (Figs. 3 to 6) 


Briefly, the addition of chromium affects not only the composi 


tion of various phases and shifts the concentration of important 
pomts (such as eutectic or eutectoid). but. 1f the added percentage 
of chromium ts sufficiently high, the phase relationship takes on a new 
aspect he present discussion deals entirely with phenomena occut 
ring in the sohd state. It may, therefore, be advisable to concentrate 
on that part of the diagram with which we = shall be primarily 
concerned, namely, the shifting and rearrangement of one-, two-, and 
three-phase (solid) regions. lt is shown by means of animated 
drawings on the motion picture exhibited film 

lt will be noted, as was already stated, that, beginning at 
certain. chromium concentration (Fig. 6), alloys contaming ap 
preciable amounts of carbon remain ferritic, t.e., constituted of one 
phase, alpha iron-chronnum-carbon-solid solution With imereasing 
chromium concentration the one-phase region expands still further 
Phose alloys which he within this field are sinular in their nature, 
to emphasize again,—-to alloys without carbon hat is to say, they 
undergo no transformation with rising temperature, hence are not 
modified in their properties by heat treatment ;" qualifying as to all 
requirements of solid solution, such alloys should also possess the 
typical properties of the latter. 


Anomalies in Alloys of Soltd-Solution Typ 


(uite contrary to our expectations, we find that the propertie 
of various iron alloys exhibit pronounced deviations or even sharp 
discontinuities In iron-silicon alloys, (15) of all) others most 
carefully studied, the curve for lattice constants, mechanical strength, 
or im fact nearly every “property vs. concentration” curve, shows 


either a definite change in slope or beforementioned discontinuity. tt 


i 


iron-aluminum alloys, (25) the lattice parameter does not change as 


expected, In certain alloys of iron and nickel (20) we recognized 


unusual properties (such as thermal expansion), but lack a wholly 


satisfactory explanation The epsilon phase!’ in 1ron-manganes« 


In this paper the diagrams at 6 per cent chromium interval 


In order to avoid unnecessary complexity, the separatior 
ecause of the changing solid solubility is, for the time being 


‘This statement presupposes the alloys to be free of concent: 


WAlthough iron-nickel and itron-manganese systems do not 


of alloys, their “peculiarities” are still pertinent to thi 
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alloys (27) is still somewhat of a mystery. The diagrams tor these 


allovs are not, as vet completed 

\s we shall presently see, iron-chromium and tron-chromium 
carbon alloys are no exception: experimental observations concerning 
their properties are not explained by their diagrams. ‘These and 
other collisions of the expected and the observed caused many inves 
tigators to turn their attention to the fundamental study of solid 


olutions. Even though it is known that the properties of an alloy 








“/) 
60 


Atomic Per Cent Chromium 











Lattice Parameter for lron-chromium Alloys (Atte 


Adcock ) 


depend upon the properties of the constituent atoms and on_ the 
mutual effects of the dissimilar atoms, no way of anticipating devia 
tions from the expected has been found, for it 1s now known that 
solid solutions exhibit all known violations of ideal-solution behavior. 
Che alloys of iron and chromium are no exception. 

lhe answers to these perplexing general questions cannot, as yet, 
be given: turther, | hope that you do not expect them. After a 
brief review of the existing pertinent data for chromium alloys, 
recently secured observations and their brief discussion will be pre 
sented: If you should find in them leads for further scientific re 
searches or for conquest over some of the industrial problems, | 
would like to think that the duty coincident with the honor of being 
Campbell Lecturer has been tulfilled. 

Before submitting the results pertaining to anomalies found in 
iron-chromium alloys the basis for the assertion that these alloys are 
of solid solution type should be stated. This basis is found in the 
work of Oberhoffer and Esser (5), Kreutzer (7), (9), Westgren, 


Phragmen, and Negresco (6), Chevenard (10), and more recently, 
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of Preston (18), and Wever and Jellinghaus (17) lhe X-ray 
method was employed and type of lattice as well as its dimensions at 
room temperature were ascertained 
he results of Preston's work, which 7: the change in the 
parameter with composition is reproduced 1 
his investigator comes to the ccaimadind th: it iron and chromium 
poe aveieanemnens 
e* 
Quen /) from Ne e CAUS 
e ; 
4 ~~ } lowering or the MAG: ef 


. Yange 


( d /é NCH 
om here 
the magnetic 
Je lo take 
9ce elon 
upper sine 


Fig \—Part of the Phase Diagram to 
\lloys (After Adcock) 


torm, at room temperature, an uniméterrupted series of solid solutions 


trom iron end to the chromium end. Adcock’s interpretation of the 


diagram is shown in Fig. 7A. The results of dilatometric work by 


Chevenard (10), the discovery of a “brittle” constituent by Bain and 
Griffiths (11), and the latest work of Wever and Jellinghaus (12) 
indicate the formation of an iron-chromium compound, the range of 
stability for which lies, at room temperature, between chromium con 
centrations of about thirty-eight and sixty weight per cent.'' Let us 
not be distracted, however, by the consideration of a compound: It 


MAdcock supplementing his own paper (19) questions, with considerable justification, 
the results of Wever and Jellinghaus 
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will be brought into discussion later. With regard to the rest of the 
ystem (1.e., from O to 38 per cent and beyond 60 per cent chromium ) , 


1] 


all of the investigators agree that substitutional type of solid solution 
is formed. Thus, a number of alloys falling, because of the composi 
tion, outside of the gamma loop, solidify as alpha-iron-chromium 
olid solution (the assertion of Janecke (13), concerning the for 


mation of iron-chromium eutectic, now being discarded) and remain 







1 16 18 
Weight Per Cent Chramium 


\Maeneti Properties — of lron-chromium Alloys 




















as such upon cooling to room temperature. It 1s in these alloys of 
iron with chromium that the gradual variation in properties would be 
expected Che authors of numerous studies, however, submit ex 
perimental results difheult to reconcile with the frequently accepted 
“nature of the alloys.”'* The curve of lattice parameter (Preston’s ) 
already shown, and verihed on several alloys in my _ laboratory, 
exhibits a marked change of slope at about 7 atomic per cent of 
chromium \bove twenty per cent the numerical data are less con 
sistent, but the other line could conceivably be drawn tangential to 
the curve at a point corresponding to about twenty-two per cent 
chromium 


\mong the additional data, the magnetic are of interest. Most 





In those alloys which undergo allotropic transformation at elevated temperatures the 

flerences in experimental data may be explained by failure to achieve true equilibrium 
(in the physico-chemical sense) or to take into consideration the ‘‘physical condition” ,—a 
erm which will be explained later This possibility, however, could not be entertained in 
one-phase” alloys 
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of the magnetic experiments were concerned with the determination 
of A, or Curie poimt, the dependence of which upon chromium con 


centration was shown in the diagram (Fig. 1). 


(he measurements 
of magnetic permeability, ete., were conducted by Fischer (14) and 


Preston (18). The results of Fischer, reproduced in part in Fig. &, 
show a pronounced maximum for permeability at about 18.5 weight 
per cent chromium. 

Plotting of Preston's data, secured at low magnetizing forces, 
shows definite scattering of points With increased magnetization 
his curves flatten out. lhe results of these workers do not justify 
any definite conclusions. 

The investigation of electrical resistivity is summarized by 
\deock (19) as tollows: “Apart from a rather sudden change ot 
curvature at a composition of about twelve per cent chromium the 
resistivity curve is of the inverted-U type, indicative of the existence 
of a continuous series of solid) solution.'' Adcock, unfortunately, 
did not explore the region of most interest—ftrom 1&8 to 38 per cent 
chromium, 


Dilatometric observation by Murakami!’ and co-workers (28). 


Chevenard (10), Wever and Jellinghaus (22), amongst the most 


recent, were confined primarily to the gamma loop region and 
to the alloys where the formation of a previously mentioned com 
pound was suspected. No attempt was made to explore the region 
immediately beyond the alpha and gamma region, and furthermore 
no precautions were taken to ascertain that sufficient time was allowed 
for the reaction to proceed.'" As a consequence no conclusion was 
drawn concerning the allovs of single-phase type 
A striking proof of either an inadequacy of the diagram or of 
our incomplete picture of the nature of solid solutions and their in 
herent characteristics comes from the studies of mechanical properties. 
While strength and ductility (in tension) vary in a normal gradual 
manner as we progress from one alloy to the other, higher and higher 
in chromium, toughness (viz, resistance to impact) disappears, for all 
practical purposes, around 18 per cent chromium. Lest it should be 
misunderstood, I wish to explain that, by carefully conducted,—we 
WMagnetic results are affected by so many factors (a paper by Kussman (20) gives ai 


excellent summary) that, in general, magnetic characteristics should not be 


accepted as an 
absolute criterion. This, of course, does not diminish their supplementary 


value 
MThis appears to be the only investigation on a complete series of comparatively pure 
alloys. Earlier work of Portevin conducted on alloys contaminated 


with carbon shows a 
maximum at about 15-16 per cent chromium (weight) 


Secured incidently from alloys high in impurities 


6This is a very important factor as will be shown furthe 
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may even say, “special” treatments, the toughness even at this con 


centration can be improved,—in itself a very important observation 





but that is mof the point he fact remains that neither the loss of 













toughness under normal or ordinary conditions of treatment nor its 
return after special treatment 1s explained by the usual concepts of 


the nature of the alloys 


ISXPERIMENTAL WorK: 





Preparation OT Alloys 


\ searching investigation into the innermost essence of metallic 
wodies is a most formidable task, immeasurably lightened by progres 
ive elimination of possible variables. The influence of even minute 
amounts of impurities, so well recognized, 1s one of such variables 
It must, regretfully, be admitted that in some of the cases cited the 


investigated alloys were lacking in purity.'' Obviously, 1f additional 













experimental data were to be sought, they should be secured from 
a series of alloys in which the impurities were reduced to a minimum 
With this purpose in view, extra precautions were taken: The alloys 
were melted in vacuo, using as ingredients hydrogen-purified iron and 
the best available electrolytic chromium or ferrochromium, both 
practically carbon tree. The ingots were forged and subsequently 
homogenized at 1250-1300 degrees Cent. (2280-2370 degrees Fahr. ) 
in argon (from 10 to 20 hours ) Che final chemical analyses were as 


follow . 





Table | 
Weight Per Cent. 








Analysis, 








Other 
natior Chromiur Carbor Nitroget Hlydroger Oxygen Impuritic 












| 11 Ol 004 Less than 0.020 nil 
0.0005 


UO. OOUO?Z 


\\ 14 ‘ , OOS Or 0.0006 0.03 nil 


Less than 
0.000 





lwo values in any column for one alloy represent the widest vari 






ition in the results of chemical analysis at different parts of the 

















Fischer and Adcock do not give the detailed analysis for impurities in their alloys, 
i ( I preparat n of alloys certainly could not be considered ot the 
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forged bars. Such impurities as silicon, manganese, nickel, sulphur, 


uid phosphorus were present merely as “traces,” and therefore are 
not included. 

Some concern was caused by unexpectedly high oxygen in 
several of the alloys. It was ascertained, however, that most of the 
determined oxygen came trom small particles of alumina which be 
came detached from the walls and bottom of the crucibles and were 
mechanically held within the ingots. When these inclusions were 
extracted and analyzed, the total oxygen was found to be virtually 
the same as 1n corresponding ingots. The metal proper therefore is 
assumed to be practically oxygen-free. Carbon was as low as was 
possible to obtain. These alloys will be referred to in future discus 
sion as carbonless. 

In addition, a series of alloys was made in an Ajax experimental 
furnace, using the usual procedure for deoxidation, etc. “These alloys 
analyzed as shown in ‘Vable I]. The available material, is was hoped, 
would afford an opportunity for the following : 

(a) To ascertain the characteristics of fairly pure'*’ carbonless 
alloys, and, thus to judge the adequacy of the diagram. 

(b) ‘To establish the parallel, if any, between carbonless and 
commercial alloys, noting, thereby, the influence of im 
purities, including carbon. 


The ultimate in research work should not only be the answer to 
the question what, but also to the question ow. The experimental 
procedure was decided upon with this idea in mind. Impact resist 
ance and hardness (from among mechanical properties ) ,'* dilatometric 
observations, microscopic examination and X-rays were selected to 
ascertain characteristics ; age-hardening, followed by microscopic and 
X-ray study, mechanical characteristics at subnormal and_ slightly 


elevated temperatures—to attempt an answer to the question /oze. 


(}) linpact Resistance, Hardness, “Physical Condition’ 


Alloys on which impact values were obtained were heat treated 
in several ways thought to be the best for the purposes of investiga 
tion. In each case the relative trend was quite the same. 


The results are summarized in Fig. 9, in which the alloys are 


The remarkable purity attained in iron by Yensen and Ziegler for their studies of 
magnetic properties, also Ciafhi, justifies this expression 


Complete study of mechanical properties was impossible because of the relatively 
mall amount of available carbonless material 
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grouped in accordance with their carbon content, ranging from less 














than 0.01 to 0.20 of one per cent 

The abrupt disappearance of toughness is just as evident in 
“carbonless” as in alloys fairly high in carbon. — Furthermore, the 
loss of toughness 1s not, so far as could be ascertained, gradual, but 


Per Cent Chromium 
12.8 74.9 120 79.7 21.2 2.3 









0.6 108 %C 
—_—_eoO Oot erm" a + 


+ 
0.02, 
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Weight Per Cent Chromium 








big Impact Properties of lron-chromium Alloys with Various 
Carbon Contents V-notched Standard Charpy Samples 





















asserts itself within a very narrow range of chromium concentration 
which is substantially the same for all alloys, irrespective of their 


carbon content. 








from these observations it was concluded that purity and, 














specifically, carbon, play no part in the sudden change of toughness.*” 





he explanation should be sought either in some radical change in the 





constitution of the alloys or in some other factor as yet undiscovered. 





Ordinarily, an abrupt change in one mechanical property indi 





cates similar—but not necessarily of the same sign—changes in 








others: Concurrent loss of ductility and gain of hardness in most of 








the steels 1s a well-known illustration. It does not apply, however, to 








alloys of chromium. In both the very low and the (fairly) high 








carbon series the change in hardness (with increasing chromium) 1s 












“It is not to be inferred from this statement that carbon has no influence at all: It 
has definite influence in those alloys which lie to the left of that ‘‘critical’’ concentration 
of chromium where toughness vanishes 
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ig. 10 -Unetched Ingot of Vacuum-Melted Carbonless ‘ of Chi 


I: omium Show 
Remarkably Large Beautiful Grains Natural Size 


gradual and relatively small. Other mechanical properties will be 
found to vary much in the same manner as hardness (11 care 1s taken 


to give the alloys proper heat treatment )—Table V. 


Technical literature at times makes use of the term “physical 


condition” by which it is sought to denote certain variations in the 
“make-up” of the metals and alloys, such as presence or absence of 
internal stresses, chemical homogeneity, grain-size, distribution of 
structural constituents, ete. 

The effect of varying physical condition on the properties 1s so 
well recognized, that every effort was made either to minimize it or 
to take it into consideration. 

Chemical homogeneity and uniform distribution of structural 
constituents (in alloys consisting of more than one phase) was taken 
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care ol by high temperature homogenizing and repeated mechanical 
and heat treatments 

\n attempt was made, through controlled experimental condi 
tions,-to bring to a minimum internal stresses which may originate 
either during or at the conclusion of heat treatment. 


Internal stresses as a result of atomic distribution and bonding 





002% C. SERIES 





010% C SERIES 0.20% C SERIES 


CHROM/UM PER CENT 
145 167 /88 206 145 168 /88 206 1/47 167 /88 206 
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in alloys of vanable chromium concentration should not be brought 







into discussion, considering the madequate experimental data. 

Girain-size is controllable, of definite importance, and, further 
tore, measurable. Vacuum-melted carbonless alloys of chromium 
were made up of remarkable large, beautiful grains, reproduced in 
lig. 10 







lo break up these grains is no easy matter, but can be accom 
plished by repeated mechanical working. The fact that sudden drop 
in toughness ts independent of grain-size was clearly demonstrated by 
testing two alloys with grains averaging respectively 0.2 and 4.0 


square millimeters: The results of the tests were, for all practical 







purposes, identical [hat it is true, with certain limitations to be 
discussed presently, 1s illustrated in Fig. 11, in which impact values, 


hardness, and grain-size are reproduced for a series of alloys. 
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There is no relation, tor the same carbon content groups, be 


tween impact strength and grain-size These results must not be. 
however, misunderstood: We are discussing the abrupt appearancc 
of impact brittleness, and its independence of the grain-size. In a 
given alloy, if it contains less than a certain critical amount ot 
chromium, the resistance to impact (and, of course, other properties ) 
may be considerably improved by grain refinement, as should be 
expected. But in alloys, in which the impact brittleness appears to 


he an inherent characteristic, the grain-size alone is of no consequenc¢ 
He X ray, VAT rOS( Opi : Dilatomet ic 3S tudt S 


In view of the careful X-ray work, reported in previous investi 
gations, the efforts of our laboratory were confined to checking lattice 
parameters of one or two alloys. When it was found that ou 
measurements checked those of Preston (see ‘Table 1V ) further work 
was discontinued. 

Microscopic examination revealed the typical structure of solid 
solutions, with, apparently, no visible change whatsoever, as we pass 
from tough to brittle alloys. One observation 1s worthy of note: 
Distortion, such as that resulting from cold work, of ferrite and 
ferrite-bearing steels, is revealed on a polished section by the presence 
of characteristic wavy strain lines. In the alloys under investigation, 
strain lines are altogether different,—-straight, comparatively few, 
oftentimes intersecting each other at different angles*'. Fig. 12 
The pertinence of this observation will be discussed later in connec 
tion with properties at subnormal temperatures. 

Turning our attention now to dilatometric studies, the only 
justification for reproducing the results of investigation conducted 
in the usual manner, that is, at a fairly low rate of heating and cool 
ing (6 degrees per minute) lies in the relative purity of the alloys 
and the desirability of having a basis for comparison with subsequent 
experiments. Figs. 13 and 14 show the curves for two typical alloys : 
one in which the phase change is evident and the other held to be 
lying outside of the gamma loop. 

The proof of the phase change occurring in the alloys with 12.99 
per cent chromium (Fig. 13) is given by the noted failure of heating 
and cooling curves to follow the same course, although at the end ot 


the experiment the sample comes to its original dimensions In 


"Very similar to the ones observed in iron-silicon alloys 





TIONS ( 





Fig 1 Photomicrograph Showing the 
Distortion Due to ¢ lil Work 4 
Ferric Chloride Etch 140) 


Cyvpical Structure of a Solid Solutio 


by the Presence of Wavy Strain Line 


Re Ve iled 


alloys of 15, 17.5, and 18.2 per cent chromium (Fig. 14), however, 
the path and the slope of the cooling and heating curves are identical 
hus, we may conclude that the end of the gamma loop lies some 
where between 13 and 15 per cent chromium, as generally accepted 

Recent investigations of chromium. steels’? revealed that the 
rates of transformation in these steels are very low, especially if the 
transformation does not involve the formation of eutectoid (low 


carbon steels). Consequently, the conclusion with regard to gamma 


loop limits, or whatever other information the dilatometric curve may 


present, will not be justifiable unless the experimental procedure was 
such as to insure, at any given instant, approach to equilibrium. 
In performing dilatometric studies upon alloys in which the re 


“Mr. Rush Lincoln in the author's laboratories As yet unpublished 








600 
mperature 
Fig 13 Dilatometric Curves. ti Low Carbon Chromium Alloys, 


Run at 6 Dewrees Cent. Per Minute Also Dilatometric Curve for the 
Same Alloys Atter Holding 


action velocity is low, or in which the amount of the transtormed 
phase is small, it is obligatory to use very low rates of heating and 
cooling. \n alternative may be found in subjecting the alloys to 
“holding” at any selected temperature at which the phase change may 
he expected. lt the expectation is fulfilled and the reaction does 
proceed at this particular temperature, plotting the change of length 
against time will give an approximate idea of the rate of reaction. 
This method was followed with the alloys for which the dilato 
metric curves were just shown. The alloy of 12.99 per cent 
chromium, upon holding at 1OOO degrees Cent. (1830 degrees l‘ahr. ) 


for three hours, has undergone definite contraction (ig. 13)—for 


mation of gamma phase. Subsequent cooling produced a definite 
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Fig. 14—-Dilatometric Curve for lron-chromium Alloys Run at 
Degrees Cent. Per Minute and also Holding at High Temperature 




















break in the opposite direction,—indicating slow transformation ot 
the formed gamma back to alpha. By holding the sample at the 
temperature corresponding to the beginning of the break as much 
of the transformation will occur in attaining equilibrium as is allowed 
by the phase rule. Upon further lowering of the temperature and 
holding, the transformation will proceed again,—because an_ alloy 
of this composition falls within the field of two phases, the relative 


amounts of which are governed by the temperature.*® 







The fact that this alloy did not come back to its original length 
can be explained in part by the previous history of the sample: It 
Was not in true equilibrium when the original heating was begun. 
Similarly performed experiments on alloys with 15.0 and 17.50 per 


cent chromium yielded, except for magnitude, identical results 









Definite contraction of the alloy with 17.50 per cent chromium (Fig. 
l+) occurring on holding either at 1000 or 1070 degrees Cent. (1830- 
1960 degrees Fahr.), also the different path (with a pronounced 


break) ot the cooling curve and subsequent return of the sample, 








SAlloys used for this experiment were thoroughly homogenized. This precaution should 
dispose of the argument that the observed contraction may be caused by the improved 
chemical uniformity in process of time 
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upon slow cooling, to its original dimensions** should be accepted as 
. well-founded indication of phase change, affecting, in all probability, 
but a very small portion of the sample. 

In the alloy with 18.20 per cent chromium, the magnitude of the 
transformation at high temperatures was found so small, even after 
prolonged holding, as to be hardly perceptible. 

Without any attempt, at the moment, to explain these experi 


mental results, the conclusions as to laboratory facts are as follows: 


(d) Conclusions Based on Experimental Evidence 


(a) Ata certain chromium concentration, alloys of fair purity 
are characterized by rapid modifications in some of their properties. 
Chis change 1s not governed either by carbon percentage or by im 
purities in the ordinary sense of the word. 

(b) Further, these alloys, contrary to orthodox understanding 
(the Curie or magnetic point is not considered), undergo some trans- 
formation which may or may not be a simple phase change (alpha to 
vamma and reverse). 

Disregarding the philosophic difficulties of causes and effects, it 
is much easier in the course of an investigation to observe certain 
effects than to uncover underlying causes. However true that may 
be, it must aiso be remembered that without causes there would not 
be any effects. 


(e) Further Experimental Work: Age Hardening 

“Causes,” as we understand them at present, imply : 

(1) The appearance of a new phase. 

(2) Possible polymorphic transformations. 

(3) The separation of even minute amounts of impurities, and, 
finally, 

(4) A somewhat broadly used expression “a change in the 
nature of either solvent or solute.”’ 

So very little work has been done on the last mentioned possi 
bility that the understanding of it largely borders on speculation. Fo 
this reason alone its discussion will be avoided as much as possible. 

“There appears to be no question,” states Merica in his admirable 
treatise on age hardening,®® “that the atomic changes which occur 


“If the rate of cooling is high the cooling curve will cross the heating and the sample 
would finish with smaller length. This should not be taken, however, as a proot for re 
tention of gamma: We are dealing with volume and not with length change 

%Paul D. Merica, “The Age Hardening of Metals’ (21). 
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Table Il 
Analysis, Weight Per Cent 













Phosphorus Sulphur Chromium Nicke 
1-116 30/030 0.39 0.20 0.011 0.013 14.28 0.10 
1.-1169 0.098/,104 0.28 0.31 0.013 0.010 14.63 0.10 
14.7 


..-1170 194/.196 0.35 C30 0.010 0.013 74 0.11 











| l ) ) 0.010 0.014 16.66 1.10 
ond ) 0.103 104 0.35 0.29 0.011 0.011 16.84 0.12 
7. oe 2 0.14 148 0.3] 0.26 0.012 0.015 16.56 0.14 
L.-1174 0.191/.191 0.35 0.29 0.006 0.013 16.74 0.14 

















wb 0.021 ?2 0.37 0) 32? 0 008 0.013 18.84 0.13 
L.-1176 0.102/.103 0.36 0.27 0.010 0.008 18.84 0.1 
1-117 l l 0.34 0.32 0.011 0.010 18.55 14 
1.-117 0.010 0.014 















0.010 0.012 20.61 0.15 
0.011 0.009 20.68 0.18 












during (age) hardening, and which, therefore, may be said to cause it, 
are the direct result of the instability of a supersaturated solid solu 
tion and of its gradual decomposition in some manner during aging.” 

This assertion is based on extensive studies of many different 
metallic systems. It is quite reasonable, therefore, to assert that 
experiments which might ascertain the susceptibility of chromium 
alloys to age hardening should yield those essential data needed to 
arrive at a conclusion regarding the equilibria of the system. 

In accordance with this belief, the whole series of alloys, of the 
compositions listed in Tables I and II, were investigated for age 


hardening. First the alloys were thoroughly homogenized, subse 












quently reheated to either 1450 or 1950 degrees Fahr. (790-1065 
degrees Cent.) cooled in still air and finally aged at 840 degrees Fahr. 
(450 degrees Cent.) and 915 degrees Fahr (490 degrees Cent.) fo 
periods up to 425 hours.** 

The results, divided into groups according to carbon content, 
are graphically reproduced in Figs. 15 through 19. 

Of utmost interest are the results on alloys with less than 0.0] 
per cent (small amounts of carbon present, are, undoubtedly, less 
than the limit of solid solubility at the temperature of aging) and 
with 0.02 per cent carbon. And while “0.02 alloys” not having been 








prepared for this particular part of the investigation, contain sufficient 
impurities to cause some concern, the “less than 0.01 per cent carbon” 
alloys are sufficiently pure to be free from this objection. 

Carbonless alloys show a most pronounced and definite tendency 


to age harden: (Fig. 15). Since the details can be learned from the 


















“To provide 
} 


trom 1 to 3 hours 


additional data holding time at 1450 or 1950 degrees Fahr. was varied 


this variation did not seem to have much influence on the final results 
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less than 0.01% Series 





200 300 
Jime in Hours 


] Diagran Showing — the Age-hardening 
hromium Alloys. 


numerous curves, it will suffice to state that the total increase in 
hardness for an alloy with 18.20 per cent chromium was, at the end 
of 425 hours, 26 points on Rockwell “B” scale and the same carbon- 
less alloy with 17.50 per cent chromium showed an increase of 19 
points. At the same time, alloys with about 13 and 15 per cent chro- 
mium showed much less, in fact, very little tendency to harden. 
Similar, almost quantitatively identical, results were obtained on 


other series of the same alloys, aged under varied conditions. It ap- 


pears to be quite definitely established that the age hardening property 
is directly proportional to chromium concentration,*’ within the 
limits studied. 


The same is true of the alloys with 0.02 per cent carbon: (Fig. 


15). The comparison of both series will convince you that for all 


“This definite proportionality between the degree of age hardening and chromium 
ntent disposes, quite decisively, of the remote, but nevertheless realized, possibility that 
izing might have been caused by the impurities present in the alloys (See Table I for 
inalysis. ) 


Unfortunately no data on aging of Cr-Fe alloys, containing variable percentage of 


<ygen and nitrogen, could be found. The effect of aging, produced in iron by amounts of 
O, and Ng» similar to those in Table I, is definitely less 
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Age-hardening Phenomenon in lron-chromium 





practical purposes the same “total increase in hardness”’ (for corre- 
sponding chromium contents) has been obtained. Slight differences 
in the behavior were confined to the observations that ‘‘0.02” series 
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Fig. 19—Diagram Showing the Age-hardening Phenomenon 
in Iron-chromium and Iron-chromium-carbon Alloys 
were definitely harder at the beginning and seemed to react some 
what faster at the start of the experiment. 

The fact that alloys air-quenched, prior to aging, from 1950 de- 
grees Fahr. (1060 degrees Cent.) show much less susceptibility to 
age hardening (Fig. 17) than if quenched from 1450 degrees Fahr. 
(787 degrees Cent.) becomes quite significant in the light of already 
discussed dilatometric work. If, as it was suggested, some gamma 
iron is formed in alloys with 17.50 and 18.20 per cent chromium, 
upon heating to high temperature, air cooling of the sample will cause 
some gamma to forego its complete transformation with consequent 
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increase in initial hardness. Aging would tend to decrease the hard 









ness of this gamma, thus diminishing the total effect of the age 
hardening process. 
\dditional data on susceptibility to age-hardening with accom 


panying change in resistance to impact 1s contained in Table IIT. Th 













Table 












Impact, foot pounds 


Carbon Chromium Heated to 1450°F. tor Heated to 1450°F. for 
hours, air cooled } hours, aged at 914°] 
for 200 hours 


129 











experiment was deliberately confined to the alloys made 1n_ the 
orthodox way. ‘The loss otf resistance to impact in the alloys between 
lo and 19 per cent chromium with 0.02 per cent carbon 1s quite 


astounding. 











(2) Discussion 





| admit that it was with deliberation when I spoke just a few 
minutes ago, of observed effects and the difficulties in uncovering 
underlying causes. The aging of chromium alloys is an effect. You 
will probably agree with me that the explanation is neither simple 
nor obvious. ‘The questions to which | should like to have a definite 
answer would be: (a) What is the actual process of age hardening in 
iron-chromium alloys? (b) Is it a true case of precipitation hard 
ening and if so what is the precipitated constituent ? 


In one of the preceding slides (Fig. 1) was presented an iron 


S 







chromium diagram in which a compound, capable of dissolving either 
chromium or iron, was shown. The field occupied by this compound 
at room temperature is restricted to concentrations, approximately, 


from 38 per cent to 58 per cent chromium; the field becomes nat 





SWith the increasing carbon content the hardenability of alloys upon aging is definitely 
decreased (Fig. 18), although in 18 and 20 per cent chromium with 0.10 per cent carbon it 
is still quite evident These alloys, however, are supersaturated with carbon at aging tem 
perature, and it is natural to expect certain deviations in the behavior of these alloys With 
still higher carbon or with raised initial hardening temperature the allotropic changes entet 
into the picture and affect the results in the manner which could have been predicted 
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wer with rising temperature and the compound is shown to dis 
ippear above approximately 930 degrees Cent. (1705 degrees Kahr. ) 
Wever and Jellinghaus (17), who claim to have established the for 
mation of this compound by means of microscopic, X-ray, and 
lilatometric analysis, assign to it the formula FeCr, basing thei 
conclusion on the identity of the obtained X-ray pattern with that 
for FeV,—a compound, by the way, which needs more confirmation 
than is available. [arher, the probability of a compound was indi 
cated by Chevenard (10), Kreutzer (10), Bain and Griffiths (11), 


also, in another publication, by Wever and Jellinghaus (22). 


(22 

Speaking of this compound Wever and Jellinghaus say 
compound FeCr forms trom solid solution with very low velocity.”*" 
‘our days of heating at 600 degrees Cent. were required in order to 
obtain an appreciable amount of the compound in the alloys of 40 
and 50 per cent chromium. It is thus explained why earlier investi 
eators failed to discover it. 

\ssumption of the existence of the compound within certain 
limits of concentration suggests an explanation, admittedly specula 
tive, of age hardening: Is it not possible that with much prolonged 
time of heating (approach to equilibrium) the limits of compound 
formation may be found to extend far beyond those sketched at 
present ? 

The indisputable proof would have been forthcoming if it could 
be shown that the samples of 16 to 20 per cent chromium aged for 
$25 hours (or approximately 18 days) contained the compound 
leCr in equilibrium with iron-chromium solid solution, 


By means of X-rays, using a back-reflection (Sachs) camera and 


a chromium radiation, several alloys were investigated. No new 


lines appeared in the aged samples and their photograms were iden- 
tical with those for unaged samples. ‘The lines in the aged samples 
were found to be somewhat more diffuse, but the difference was not 
sufficient to be considered as significant. The measurements of the 
lattice parameter before and after aging are recorded in Table IV 
and will be found unchanged, making allowances for experimental 
Crrar. 

The results of microscopic examination were equally negative. 
\lthough the aged samples appeared to be reacting toward etching 
reagents somewhat differently and, at times an anxious eye believed 


2**Im Zweistoffsvstem Eisen Chrom wird eine Verbindung FeCr nachgewiesen die sich 
sehr geringer Geschwindigheit aus dem Mischkristall bildet.” Reference 17, page 14; 


it 






















TRANSACTIONS OF THE 











Table IV 






Hard Lattice Lattice 
ness Para- Parameter 









Rock meter according 
well A to Prestor 
\ \ (Chromium Treatment —_— A° 









One hour at 1950 
iir cooled. 


F 70.0 2.8683 867 





One hour at 1950°F. g0.0 2.8681 
air cooled, aged at 
114°F. for 425 hours 


One hour at 1450°F 
air cooled. 










One hour at 1450°F. 
air cooled, aged at 
914°F, for 425 hours 








One hour at 1450°F 0 2.8675 
air cooled. 2.8676 


One hour at 1450°F 2.8680 
air cooled, aged at 2.8680 
914°F. for 425 hours 






















that it was seeing small agglomerations of precipitate, especially at 
grain boundaries or slip planes, the hoped for and conclusive evi 
dence was not found. Of course, it is not altogether surprising. In 
the first place, the aging phenomenon is not necessarily caused 01 
accompanied by precipitation in the ordinary sense—a well known 
example being duralumin. These observations made Dr. Merica 
caution, quoting him again, that “age hardening may also occur in 
consequence of some structural alteration other than that of the pre 
cipitation of excess solute.” But even if we assume,—at present we 
would not be justified to use any other word,—that age hardening ot 
chromium-iron alloys is caused by actual precipitation of a constit 
uent—the amount and the degrees of agglomeration must be con 
siderable before it would be detected either by microscope or by 
\-rays. 

It is again timely to summarize more specifically the described 
observations. (a) In the particular case of iron-chromium alloys, 
experimental observations favor the assumption that the observed 
volume change is caused by a polymorphic transformation. In othe 
words, that the “gamma-plus-alpha” region (the end of the gamma 
loop) extends to higher concentrations of chromium than is gen 
erally mentioned. (b) The allotropic transformation (alpha to 
gamma and reverse) proceeds very slowly and the phase equilibrium 


is attained with difficulty. Whether, upon rapid cooling, any gamma 






iron as such ts, or may be, retarned at room temperature, is not pos- 
sible to state. (c) Aging experiments provide further illustration of 
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the changes that take place in the supposedly one-phas« 
tion) region. 

These experimental results belong to the first two of the fou 
ossible reasons mentioned a while ago, namely (a) phase change, 
b) formation of a new phase,*’ (c) change in nature of solution 
ind (d) impurities, which would account for the experimentally 
letermined irregularities in properties of one-phase alloys \nd 
nce the first two*! ordinarily mean approach to equilibrium,—a 
ondition trom which there is no tendency to depart even though 


ittomie mobility is high, no caution is required in stating this general 


conclusion: [ron-chromium alloys accepted to be one-phase alloys do 


not meet the definition of equilibrium. In other words, under not 
nally practiced conditions of treatment, they should be described as 
“unstable.” [luminating and indeed important as it 1s to have this 
conclusion it should not be taken as meaning that the problem 1s 
solved. Indeed not. Many pertinent questions and observations, too 
numerous to be stated here, cannot be satisfactorily answered by the 
thove conclusion lor example, neither the retention of small 
amounts of gamma iron nor the possibility of precipitation would 
satisfactorily explain the observed sharp break in impact toughness. 
l‘urthermore, it 1s fully realized that the discontinuities in properties, 
is shown by this particular method of testing, do not necessarily have 
to be accounted for on the basis of phy sico-chemical changes The 
impact brittleness of some metals at sub-zero temperatures, definitely 
known to be independent of any phase change, is well known. Thi 
analogy between this phenomenon and the behavior of 1ron-chromium 
alloys appeared to be rather striking. Additional experimental work 
vas thought to be justifiable and to it we will now turn our attention. 
\s an example of the problem before us should be cited the case 
foiron. Hadheld (31) observed that iron lost its ductility in fen 
ion at 183 degrees Cent. Sauerwaldt, Schmidt, and Kramer (32) 
report that low carbon steel becomes brittle, again in tension, at about 
155 degrees Cent. <A similar statement is made by Russell (33) 
and concerns medium carbon steel. 
Goerens and Mailander’s results, confirmed in general by those 
if the writer,** show the loss of impact ductility of iron between 


'Thermodynamically (a) and (hb) are identical 


Whether the third should be ilso included is a matter 
| feel it would be ou ( plact { liscuss reasons tor 
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and —30 degrees Cent., depending upon the quality of iron and 
previous history 

Thus. iron (and steel) will show, at 5 degrees Cent. or there 
ibouts, ductility in tension and brittleness in impact. 

The important fact already stressed that this phenomenon can 
not be caused by any permanent phase change 1s proved by the retur 
of impact ductility when iron (or steel) is tested, subsequent to r 
frigeration, at room temperature. 

The explanation of this unique occurrence is by no means 


Impl \nd of course it was not expected that the investigation of 


0.02% C Series 
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| 0—Diagram Showing the Impact Properties of Low Carbon 
mium Alloys at Sub-zero and Slightly Elevated Temperatures 











mechanical properties of iron-chromium alloys, or rather their varia 
tion,—at subzero and slightly elevated temperatures, would disclos« 
the underlying theoretic reasons tor this complex question. It was 
merely hoped to collect further data pertaining to the system under 
discussion, and, thus, further point out the complexity of the sub 
ject and the compelling necessity for additional work in this field. 

In executing this part of the investigation, alloys as listed in 
ables I and Il were tested for impact at several temperatures be 
tween 76 and -+-90 degrees Cent., while tensile properties wer 
] 


ascertained only at two temperatures: —76 and +30 degrees Cent 







(room \ll the tests were made at temperature. The results are 
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ALLOYS OF IRON AND CHR 
Table V 


Carbon Chromium Tempt. of Ag 
Per Cent Per Cent lest—°( Ibs/i 
0.030 14.28 { 43,300 
0.030 14.25 ; 34,500 
0.01 14.6 96,500 

0.01 14.6 19.400 $2,500 
0.195 14. 
0.19 14 


3 
3 

74 / 69,000 105,200 
{ ) 


) SS.000 


0.024 16.66 7( 2,700 9 S00 
0.024 16.66 2 34,500 4,700 
0. 16.84 7{ 48 000 87,400 
0 16.84 2 39,400 73,000 
0. 16.56 ) »,600 500 
0. 16.56 2 47,500 81,500 
0 16.7 7 13.400 800 
U.1? 16.3 26 .200 81.300 
0.022 18.8- 7 48.800 75,400 
0 18.8 7 800 
0. 18.8 7 600 600 
0. 18.8 2é 44,400 78,600 
0.15 18.55 7 ( 59.000 300 
0.15 18 ) 6 45,500 9.700 
0 18.55 2 44,800 79,300 
0. 18.77 qt 85,100 g 800 
0 18.77 ] 68,400 000 
0 18.77 7 49,700 $3,200 
0. 20 ; 67,400 83.800 
0. 20.6 7 42,800 7,400 
0 —j 60.100 100 
Q. 23 49,500 74,600 


90 


*Broke in threads 


summarized in Table V and are graphically shown in Figs. 20 
through 24. 


The ductility in tension is not adversely affected by refrigeration 
» —76 degrees Cent. In fact, in the majority of cases it is slightly 
mproved, in spite of noticeably increased tensile strength (the latte: 


observation is general for all tested alloys). But the ductility as 
measured by impact varies within unexpectedly wide limits, regard 
less, it seems, of carbon content and of previous heat treatment.** 


More specifically, the following observations concerning impact 
roperties are justified by the evidence. At —76 degrees Cent. all 
the alloys are exceedingly brittle. At room temperature 
30 degrees Cent.) sharp demarcation between ductility and 
rittleness occurs somewhere between 16.75 and 18 per cent chro 


“Various heat treatments were given to these alloys prior to testing In writing a 
er of this sort it is most difficult to be exact in expressing oneself Che last statement 
ins that the variation in results with temperature of testing is of the same tendency, but 
necessarily of the same order. Furthermore, the heat treatment given the alloys prior 
testing was not in some cases the best to develop toughness, but it is the one which 
ntuates the described phenomenon 
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mium \t 50 degrees Cent. carbonless alloys remain practically 
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Diagram Showin Impact Chara 
Sub-zero Devres Cent wma 


| n-chromium Alloy at 


Vemperature 


tum is hopelessly brittle.“° In other words, the higher 1s the chro 
ium content the higher is the temperature at which ductility 1: 


rained.*4 
hese observations, it will be agreed, parallel these of iron, pro 


ding that it is ascertained that no change of physico-chemical nature 


olymorphic modification, appearance of a new phase) has taken 
ice at low temperatures. Accordingly, alloys were immersed in a 


78 degrees Cent., held for half an hour (time sufficient to 


wid at 
this temperature), removed, and 


<luce brittleness if tested at 


oys with chromium bhetweer ind 
ition’ composition at 90 degrees Cent. 1 
precaution was again taken to determine that 


laved no part i this phenomenon 
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broken next day at room (30 degrees Cent.) temperature. 


were as follows: 


(Table VI). 


Mari 


Result 


The reversibility of impact “brittleness” and the impact “toug! 


‘9 
hess 


possibility of 
periods used for either refrigeration or treatment in boiling water 


Fig. 24 
arbon 
Temperatures 


lt would be exceedingly interesting to ascertain the infle 


Alloys 


it 


Diagram 


Showing 
Sub-zero 


y+ oP 
Orr NE Sft Pe, ( 


Impact 


Degrees Cent. 


Properties ot 
Slightly 


[ron-chromium 
Elevated 


(ductility) with the temperature of test obviously excludes th 
a permanent change in the alloy at least within th 


ce of much 


longer holding at sub-zero or slightly elevated temperatures on the 
But this would constitute another problem. 
Wherein, then, lies the explanation for the observed intricat 


properties of alloys.* 


behavior of chromium-iron alloys? 
stresses through cleavage, slip, and twinning. 


Composition 


Chromium 
Per Cent. 
11.82 
12.96 
14.95 
17.50 


18.20 


SWill the temperatur 


e 


Carbon 
Per Cent. 


0.010 
0.008 
0.008 
0.010 
0.012 


Table VI 


Any metal or alloy yields to 


It should therefore be 


Impact resistance in Foot pounds (modified Charpy) 


Heated 

Broken 
at broken 
30°C, 
120.0 
130.0 
88.0 
8.5 
8.0 


to 92°C. 


at 92°C. 


Heated 
to 92°C. 
held 3 
hours, 
cooled, 


broken 


at 30°C. & broken 


Refrig- 
erated 
to 
—78°C. 


2 


3.0 


of boiling water induce precipitation hardening ? 


Refrig 
erated 
to 
—78°C 
broken at 
30°C. 
182.0 
132.0 
74.0 
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ALLOYS OF IRON AND Cl 


suggested that the resistance of any metal or alloy to rupture is d 


termined by its characteristic cohesive strength (ideal resistance to 


cleavage) and its resistance to slip (shear).*® The relative efficiency 


{ these resistances determines the alloy’s properties, that is, eithe: 
toughness or brittleness. With the changing temperature of test, the 
relative values for the two mentioned resistances do not remain the 
same. This is, of course, an explanation well known to those who 
have studied this particular subject. [Extending this reasoning to the 
properties of iron-chromium alloys at room temperature it may pet 
haps be suggested that changing chemical composition in the series of 
binary alloys produces the same effect as the described influence of the 
temperature of test. An interesting observation pertinent to the dis 
cussion will be found in the two following illustrations: Fig. 25 shows 
the structure at the break of alloy W-16 (chromium 14.95 per cent, 
carbon 0.008 per cent), the latter developing 200 foot-pounds impact 
resistance at 92 degrees Cent. Wavy appearance of the strain lines 
can be seen. The same alloy broken at 78 degrees Cent. (5 foot 
pounds impact resistance) shows no distortion (slip) at all, even at 
the very edge of the broken part (Fig. 26). Quite similarly, alloys 
which show either ductility or brittleness at room temperature (de 
pending, as was described, upon their composition) exhibit the same 
structural characteristics. Would it be far too speculative to suggest 

as a possible explanation,—the dependence of cleavage and _ slip 
resistance at room temperature upon the distortion of the parent lat 
tice through introduction of foreign atoms? What would be the 
effect of the manner of distribution of participating atoms within 
metallic bodies ?*#° All these possibilities should affect the manner ot 
“binding” or “bonding” between atoms—the circumstance previously 
termed as “the change in the nature of solid solution.” But all ot 
them constitute at present terra incognita. 

The last topic to come under discussion was broadly termed “im 
purities.” 

Among the impurities in metals and alloys should be listed such 
gaseous elements as oxygen, hydrogen, and nitrogen. Alloys of iron 
and chromium, prepared with such infinite pains on the part of my 
collaborator in experimental work, Mr. Rush Lincoln, contained very 
small amounts of the above mentioned elements. That they could 
have an influence upon the phenomena described should be adjudged 


Twinning is accomplished by shearing movement 


“For detailed discussion see “Intermetallic Solid Solutions” 
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ALLOYS OF IRON AND CHROMIUM 


most unlikely. Thus, instead of attempting to reduce further the 
impurities,—confining this expression to oxygen, hydrogen, and 
nitrogen, it was decided to study the influence of their increasing 
amounts. Of these three, nitrogen has recently received some promi 
nence and its study in relation to ferrous alloys was undertaken first. 
Che information revealed by a few preliminary experiments justified 


continuation of the work. \nd so, the discussion of impurities is 


reduced to the discussion of nitrogen in iron-chromium alloys, leaving 


the question of other gases for some future communication 

While the general subject of gases in iron-carbon steels and non 
ferrous metals and alloys has been extensively studied''—the inte 
action between special alloys (including alloy steels) and gases re 
ceived only scant attention. 

It is not unreasonable to anticipate that the tendency of a certain 
alloy to absorb a gaseous element or to combine with it* will be dete: 
mined to a large extent by the same tendency on the part of the metals 
making up an alloy. Iron has a notoriously low capacity for absorb 
ing nitrogen. Even at high temperatures and pressures the maximum 
nitrogen found in iron is from 0.005 to 0.04 per cent (by weight, 
the latter figure at the melting point).‘® The figures for hydrogen, 
according to Sieverts (39) and Martin (40) are also very low, even 
lower than for nitrogen. Among other metallic elements molyb 
denum will take up very little hydrogen and virtually no nitrogen, 
which 1s also true of cobalt and tungsten. Much difference of opinion 
exists regarding silicon and the influence of increasing amounts o1| 
silicon in iron on its absorbing, or as Martin calls it “occluding,” 
capacity for both nitrogen and hydrogen. The behavior of manganese 
is also debatable, but this much can be said: It was observed in out 
laboratories that during the attempt to remelt previously distilled man 
ganese under an atmosphere of non-purified argon, the manganese 
picked up some nitrogen which was present in small amounts in the 
argon. The element chromium, however, has an astounding affinity 
for nitrogen, with the strong probability that a nitride is formed. 
Che procedure of introducing nitrogen into chromiuni is simple and 
can be varied. Huttig and Brodkorb (41) have done it by heating 
metallic chromium in nitrogen to above 550 degrees Cent. (1020 de 

. An excellent bibliography will be found in Metals and All 
These words are used to denote either solid solution or 


‘The question discussed is that of molecular nitrogen 
ins of ammonia is beside the point 
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erees Fahr.) while in our work, and, previously by Adcock (42), 
the same purpose was accomplished by remelting chromium under 
nitrogen at atmospheric or reduced pressures. 

\ few preliminary alloys prepared in this manner contained ap 
proximately 10, 20, and 53 per cent chromium, the remainder being 
iron. Upon completion of the analysis for nitrogen, the percentage 


of the latter was plotted against chromium, as shown in Fig. 27, 





















Diagram Showing the Relationship Between Chromium and 
Nitrogen Contents of Iron-chromium-nitrogen Alloys 





incorporating in this curve results obtained by Adcock (42). It be- 
comes evident at first glance that the amount of nitrogen absorbed 
during remelting is directly proportional to the chromium concen- 
tration, except for a slight deviation from the straight line when 
chromium is less than.10 per cent by weight. 

To test this observation still further, a series of six alloys was 
prepared, using different raw materials and modifying experimental 
procedures. The charge, in each case, was calculated to have the 
same chromium content, but to vary widely in the content of nitrogen. 
The details of the melting charges, the calculated and the actual 
analysis are given in Table VII. 

Regardless of the initial composition of the charge the final 
nitrogen percentage was the same, obviously determined by the chro- 
mium in the alloys. It may be arbitrarily called “maximum allowed.” 
By changing the composition of the gaseous mixture, as was done 
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Table VII 


rimental Conditions 


on remelted under 


No bearing Fe-Cr (2.1% Noe), Fe-Cr and 

Fe, remelted under atmos. pressure of N 
sorption of No during melting noted. 

No bearing Fe-Cr, Fe-Cr, and Frey Fe, remelted 
in atmos. of No and argon (partial pressure 

No 0.27 atmos.) 


No bearing Fe-Cr and Frey Fe, melted under 1 
atmos. of Noe Evolution of N on melting 


noted 


Fe-Cr and Frey Fe, melted under 1 atmos 
N Absorption of Ne during melting noted 


Fe-Cr and Frey Fe, melted under 1 atmos 
No Absorption of Ne during melting noted 


Ne bearing Fe-Cr and Frey iron melted unde1 
atmos. of No. (Check on alloy 18 N 
Evolution of No on melting noted 


When two figures for analysis are given they were se 


Based on observed amount of No used during melting 
ing Fe-Cr). 


Based on No in nitrogen in charge 


n the case of alloy 18 N 2, it is possible to control nitrogen concel 
tration, i1.e., to introduce less nitrogen than the ‘allowed maximum.” 
But to increase under the described experimental procedure the con 
centration above the maximum was found impossible. 

Realizing this unusual affinity of iron-chromium alloys for nitro 
gen, it appeared indeed desirable and important to ascertain the influ- 
ence of nitrogen on the constitution and properties of the chromium 
lloys.*4 The available literature contains comparatively few and in 
complete reports. Adcock, in his work already mentioned (42), 
alludes to the structural changes in chromium steels, brought about 
by the presence of nitrogen. Fairly high carbon contained in the de 
scribed alloys rendered the interpretation of the results somewhat 
difficult. Comprehensive experimental work on a series of alloys 
practically free from carbon and otherwise quite pure was under 
taken. Two of the alloys containing respectively 10 and 18 per cent 


chromium, and with corresponding maximum nitrogen concentration 


were subjected to intensive studies in order to discern their nature 
and learn their fundamental characteristics. 

Dilatometric, microscopic and, to a limited extent, X-ray methods 

“The possible influence of Ng on properties of iron and steel suggested as early as 1889 


Tholander (34). This question has been debated, pro and con, ever since, and 1s, lately, 
revived by Svetchnikoff (35). 
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were made use of in securing the desired data. | am atraid that you 
patience has already been taxed so that only a brief summary of ri 
ults will be offered. 

Dilatometric observations immediately disclosed a very pri 
nounced influence of nitrogen on the phase relationship in nitroge: 
bearing alloys. It will be remembered that alloys of 18 per cent chro 
mium are characterized by continuous, smooth “length-temperaturs 


curves on which the existence of gamma to alpha transformation wil 
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l Dilatometric Curves for lron-chromium an 
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re manitested only under special procedure for observations Lhe 
typical curve tor the similar alloy but with nitrogen (Fig. 28) proves 
the existence ot a definite, sharply defined transformation, both o1 
heating and cooling. With smaller percentages of nitrogen the mag 
nitude of the transformation diminishes, but the temperature rang 
remains, apparently, unaffected. In other words, addition of nitro 
gen results in the formation, under equilibrium conditions, of in 
creased amounts of the gamma phase, very much like carbon. bh 
tact, nitrogen appears to be a more powerful factor than carbon. ‘Th 


volume change noted in nitrogen bearing alloy is definitely greate: 




















an in the alloy with carbon in similar amount. This conclusion was 


ully substantiated later by microscopic observations. Similarly with 
irbon alloys, the transtormation in mitrogen-containing alloys can be 
nade to occur at any temperature between 200 and 800 degrees Cent 
390-1470 degrees Fahr.), depending on the rate of cooling \nd, 


should be expected, the common mechanical properties of the al 





Diagram Showing the Hardness otf lLron-chromi 

om Various Temperature 
oys undergo radical changes when such alloys are subjected to the 
roper heat treatment. 


\s an example, the ability ot the metal to harden ts illustrated in 


lig. 29, and should be compared with Fig. 30 tor carbon alloys. It 


will be observed that the hardening power of nitrogen exceeds that o1 
carbon. 


The limited amount of material on hand precluded an exhaustive 
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tudy of mechanical properties, although it was possible to determin 
impact toughne in two important alloys. By controlling the nitr 
ven content and with proper heat treatment, impact characteristic, | 


at 


thove those obtainable in alloys without mitrogen, can be easily si 





cured \n illustrative summary wall be tound in Vable VIII 
he microscopic study of the constituents, their nature and the 
interrelation was tound to be im complete agreement with the result 
previously obtammed by other methods lhe best way to deseribe 1 
by means ot ilustrations 
Che alloys ot 1ron-chromium and nitrogen appear to be built uy 


ot the tollowing: 


o*y = 
muIorinwmn £Huases 









(a) Ferrite —a solid solution ot iron, chromium and probably 
Ome tuitrogen., 
(b) \ compound the nature of which is as yet subject 


peculation lime at our disposal did not permut a thorough -ray 






study Prelimimary results showed the lines only for alpha iron 
with a, apparently unattected by mitrogen (ao 2.8675 for alloy 


with O.21 per cent mitrogen and a, 2.8676 for the same alloy wit! 







nitrogen of O.OLS per cent) \lthough the efforts were made t 
ascertain whether, upon dilution with iron, the latter is substituted 
in part for chromium, the results are too indefinite.*® 

(c) Austenite \t high temperatures the compound goes into 


solid solution with territe, torming austenite 












“Blix (44) report nother compound, hexagonal type, if nitrogen content exceeds 3 
ent Chis phase is obviously non-existent in the alloys under discussion 
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Fig. 31--Photomicrograph of the Structure of an Alloy Containing 


Chromium and 0.213 Per Cent Nitrogen Homogenized for 12 Hou 
Kahr. and Air-Cooled. ™& 120. ; 
Fig. 32—Photomicrograph of Fig. 31 After Partial Decomposition 
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Fig. 33—Photomicrograph of the Structure of an Alloy 
Chromium and 0.145 Per Cent Nitrogen After Heating t 
Quenching, Showing Agglomeration 30 

Fig. 34—Photomicrograph of the Structure of an Alloy 
Chromium and 0.213 Per Cent Nitrogen After Heating to 
Ouenching x 530 
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Kig. 37—Photomicrograph of an Alloy Containing 17.8 Per Cent Chromium and 
145 Per Cent Nitrogen Quenched from 1800 Degrees Fahr. in Brine. < 100. 

Fig. 38—Photomicrograph of an Alloy Containing 18.1 Per Cent Chromium and 
0.213 Per Cent Nitrogen Less Rapidly Quenched from 1800 Degrees Fahr. X 530 
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41—-Photomicrograph of Chromium 
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43—Photomicrograph of Alloy Same as Fig. 42 Annealed f; 


om 1700 Degrees 
Showing a Structure Rese mbling Nitrogen Needles x 2250 
‘ig. 44—Same as Fig. 43 at Hich Magnification Showing Shattered Appearance 
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15—-Photomicrograph 
Markedly Less 


> 
Resistance 


Alloy with 18.1 per cent chromium and 0.213 per cent nitrogen 


(Fig. 38) less rapidly quenched shows a presence of typical marten 
site, predominating over ferrite because of higher concentration of 
nitrogen. 

At increasingly higher temperatures the alloy with O.145 


pel 
cent nitrogen does not undergo any further change. 


even just below 
the melting point, both ferrite and austenite are still present, easily 
distinguished by their typical appearance. 


These structures are 11 
lustrated in Figs. 39 and 40. 


Upon increasing temperature the alloy with 0.213 per cent mitro 
gen appears to enter the field of a single gamma phase. At 


1200 
degrees Cent. (2 


190 degrees Fahr.) and above, only very small and 
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+6 \ Schemati Diagram for Alloys of Iron, 18 Per Cent Chromium 
ilso for Alloys of Iron, 18 Per Cent Chromium, and Nitroger 











ferritic grains could be found (Fig. 41 )—-which may not b 


a true equilibrium phase. 


When separation of the compound takes place at temperatures 


below tl 
ot platel 
'}? and 


ie three-phase region it sometimes takes on a peculiar form 
ets, somewhat resembling well-known nitrogen needles (I igs 


13). The dark appearance of these plates is due to staining 


lt also appears that the compound is quite brittle from its shat 


tered appearance at high magnification (Fig. 44). 


lhe 


» same structural constituents were also found in alloys ot 


other compositions, the amounts of various phases being of cours« 


dependent upon analysis. Alloys of lower chromium, 10 per cent o1 


less, were observed to have markedly lower resistance to corrosion 


even upon etching with dilute acids the ferrite constituent is deeply 


stained 


he 


[ts typical appearance can be seen in Fig. 45. 


experimental facts presented for your consideration reveal 


a striking analogy in the “build up” of alloys with carbon or nitrogen. 


(he study as a whole, however. should be accepted as qualitative 


lhe derived information 1s not sufficient to present a structural dia 


vram lo 


diagram. 





r iron-chromium-nitrogen system, much less an equilibrium 


The powerful influence of nitrogen on practically carbon 


ss chromium-iron alloys can nevertheless be represented by 
hematic diagram reproduced in Fig. 46. 
lor its construction, 


ere selected, namely 18 per cent, but 
itrogen, in equal amounts. Vertical 


alloys of the same chromium percentage 
containing either carbon o1 

isotherms, corresponding to 
iven carbon concentration 


«l 
were drawn until they intersect the limits 
various fields and are then projected on the column to the right o 
ie diagram. The regions occupied by various phases an 
erature limits become clearly represented. 


| 


| their tem 


Side by side 1s shown an 
ogous representation of experimental data for nitrogen-bearing 
loys. Of course, these simplied graphs do not convey the idea ot 
he relative amounts of different phases. From the examination ot 
umerous structures and heat treatment data, it would appear that 


e eutectoid composition corresponds to much lower values of nitro 
en than ot carbon. 


In fact, it 1s quite definitely reflected im som 
4} the mechanical properties of the alloys. 


he discussion of nitrogen 1m iron-chromium alloys was delibet 


itely confined to alloys with very little or no carbon 
nitrogen may 


What intluence 
have on chromium irons and chromium steels, o1 


-. FOF 
that matter, on other highly special alloys can, at the present stage ot 


our knowledge, only be speculated upon. [or this reason it had bet 
ter be left undiscussed. 


The complex nature of iron alloys can be 


understood only 
through fundamental research that finds and analyzes basic facts 


| have presented to you the studies which have uncovered many 
nvolved phenomena in alloys ot 


iron with chromium. As I at 
tempted to show, the same phenomena are existent in other alloy 
systems. 


Should you jud 


ve that the studies presented deserve the title 
‘fundamental,” | would want to hope that 


Professor Edward De 
Mille Campbell, who was a leader in such work, would have consid 


red as fulfilled the purpose of the Lecture in his honor. 
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STUDIES ON THE METALLURGY OF 
ARC DEPOSITED WELD METAL 
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a ISSIONS on welding have assumed an important place in 
the technical literature, and justifiably so on account of the 
tatus which the art of welding has attained in the past decade. Ina 


ry true sense this art is metallurgical in nature because its success 


depends upon a proper control of effects which govern metal quality 


vhile limitations are imposed by the degree of control thus exercised. 
(his is particularly true of metallic arc welding which involves the 
melting, solidification, and subsequent heat treatment of the metal 
and adjacent to the weld seam. The actual technique employed, 
including weld rod, is responsible for weld metal quality and, to use 
extreme though real cases, it may give variations from oxidized and 
dirty metal to clean and sound metal of the best quality. Thus the 
importance of the process and its inherent metallurgical character- 
istics justify serious attention on the part of the metallurgist. In 
the present discussion it will be this phase of are welding which will 
receive attention and particularly the so-called “modern” methods of 
welding. 
While the author wishes to limit himself to his own definition 
of modern arc welding, he presumes that the term 1s generally used 


to mean welding with cellulose-covered weld rods, or with weld rods 


\ paper presented before the Sixteenth Annual Convention of the Society 
ld in New York. October 1 to 5, 1934. The author Samuel L. Hoyt is 
rector of Metallurgical Research, A. O. Smith Corporation, Milwaukee 


Manuscript received July 3, 1934 
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whi h cle rive thei Wnportant characteristics trom cellulose cCoatin 





This type of welding has been pioneered over the past sixteen yea 


by the company with which the author is associated and originat 






with the paper covered welding rod developed by IR. S, Smith, the 


chief engineer of the A. O. Smith Corp. This occurred in conne 








tion with a large contract for aerial bombs during the late war. ‘T| 
important features brought out by that experience were ability 1 
manufacture bombs whose welded joints withstood the severe 
service and acceptance tests, and a proper adaptation of welding ro 
and welded product to routine commercial production, Since. th: 
time, covered welding rods of this type have been extensively used it 


the welding of a large variety of products subjected to extreme! 






severe operating conditions. 
Much of the information used here was gained in a study mad 


on welds in l-inch plate stock. Various types of welding rods wer 






used, including bare wire and cellulose coated welding rods, and 
each instance the technique of welding was correct for the weldin 


rod used. Welding rods with a slag or flux coating were also studie 





and some reterence will also be made to the characteristics of the 







weld metal made with them. After the test plates were welded 
together and given a stress-relieving treatment at 1200 degrees Fahi 
sections were machined from the block and studied by physica 


chemical and metallurgical tests. The welding was all done undet 





the supervision of L. J. Larson and the physical tests under T. M 






Jasper, both of the Research and [Engineering Department. Th 
metallurgical tests were made on cross sections through the weld and 
the plate stock, which 1s made clear from the photomacrographs dis 
cussed later, though some of the tests required somewhat larger test 


pieces. Actually these tests were conducted in about the usual way 














for welds and the procedure need not be described in detail. ly 
some cases the tests represent “all weld metal.” Such test pieces 
can easily be secured from welds made in 1-inch plates by simpli 
machine shop operations, at times using a light macro-etch to outlin 
the weld proper. 





Wetp Mera Mape Witrn BARE Wire ELECTRODES 








When the bare wire electrode is used, no provision is mad 
to protect the metal during deposition, consequently the metal melts 


and solidifies while directly exposed to the air. This condition 1S 
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vorable to the absorption of oxygen and nitrogen and is aggravated 


y the action of the are in ionizing those gases or in converting them 
om their normal molecular state to the atomic state. With these 
snditions in mind the metallurgical considerations suggest that the 
hemical analysis of the weld metal will show copious quantities of 


xygen and nitrogen, and it may likewise be expected that the carbon 


ind manganese will be low. Such observations have been made 


frequently in the past and have been reported in the literature by 
other investigators.’ A representative analysis of bare wire weld 
netal is as follows: 


Per Cent 

Carbon 0.05 and less 
Manganese 0.10 and less 
Silicon 0.01 
Phosphorus 0.02 

Sulphur 0.03 

Oxygen (total) ().20 and more 

nd 3 Nitrogen 0.15 

‘Tdin 


we Ot the elements reported, oxygen and nitrogen are seen to be 
( Cf . . . - > . F 
- the principal constituents of bare wire weld metal. 
Lid 


were 


The first five 
Id elements are those commonly determined in steel and they, taken by 
eideqd : 


Patan themselves, suggest that this metal is relatively soft and ductile; 


Pe yet in another sense this is an off composition because this 1s a cast 
wen metal and the carbon, manganese and silicon are too low and the 
\I sulphur is too high for the manganese. Not only is this ratio of 
Th, manganese and sulphur bad but it is particularly bad in the presence 
: of such a large amount of oxygen. We may expect this weld metal 

to be lacking in toughness and ductility at room temperature 
The physical properties of bare wire weld metal from welds in 


).25-inch plates are about as shown in the following tabulation 


Yield point 35,000 to 40,000 pounds per square inch 
Tensile strength 50,000 to 60,000 pounds per square inch 
Elongation, 2 inches 6 to 12 per cent 

Reduction of area 8 to 20 per cent 

Brinell Hardness number 100 to 110 


[hese values were determined from tests on welds made on 0.25 
inch plates and agree well with the values reported in the literature 
y other investigators.” 

Mace ‘See H. S. Rawdon, E. C. Grosbeck and L. Jordan. Technological 

melts Standards, No. 179, Nov. 15, 1920. 


‘The Bureau of Standards report (Loc. cit.) gives figures fo 
inch plate of 60,610 pounds per square inch tensile strength and 
inches, for example 


1 1S 





he 


on l-inch plate 


plates 


lint 


in l-inch plates is some 5,000 to 20,000 pounds pel 


plate S 


metal 


eenerally 


the preceding table 


welds in | 


plates are 








Mar 


elongation and reduction in area tor bare wire welds mac 


(). 25-11 


although the maximum values obtamed approach the upyx 


lhe ultimate streneth for wel 


( 


square i 
lower than the upper limit of strength given for welds in 0.25-in« 


the Charpy values obtained on specimens of bare wire w 


) 


to Z Poot 


pounds, with the standard key hole notch with a radius of 1 millimet 


in the l-centimetet square bat 


Che weld metal is stronger than would be expected with su 


low carbon, while the ductility and toughness are lower than woul 


he indicated by the low carbon content 


The relatively high strenegt! 


a valuable quality but the low ductility seriously impairs the uss 


fulness 
later but 
contents are inconsistent with metal of high quality 


hot possible to correlate the brittleness directly 


welds. 


whatever the cause may 


Reasons this deficiency 


he O1\ 


the high oxygen and nitrog: 
I’ven so, i 


the analvysi 


hecause the factors of porosity, dirt, and shrinkage cracks also cor 


tribute their own effects. 


Che oxygen content as reported in ‘Table [ was that determin 


hy the usual method of vacuum fusion which gives the “total oxvgen’ 


content 


“tractional oxveen 


has been deseribed by him in a previous contribution.* 


reports 


Iron, manganese, 


accurate 


method developed by Dr. 


sileon and 


aluminum respectively. 


index of metal quality is given by tl 
Reeve and whicl 
This metho 


separately the amounts of oxygen which are combined wit! 


l‘raction 


oxygen determinations on bare wire weld metal show that practical 


all of the “total oxygen” occurs as iron oxide, with a small additiona 


amount as alumina 


\ typical analysis will be given subsequently 


a comparison of this weld metal with that deposited with the cellulos 


covered welding rod 


here 1s that bare wire weld metal 1s 


The conclusion that 


“oxidized” metal, 1.e 


tentatively draw 


it contain 


of , 
large amounts of oxygen as iron oxide without adequate compensa 


tion 


they likewise contain large amounts of iron oxide. 


Coming to the structure of bare wire weld metal, thes« 


were 


made 


0.25-inch thick 
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Tuly 





Our results on other types of “oxidized” iron or steel show that 


studi 
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w that ‘ig. 1 ross Section of Bare Wire Weld in 1-Inch Plat 

Fig. 2—-Same as Fig. 1 Etched 


Fig. 3—-Same as Fig 


Fig. 4—Massive FeO Inclusion in Bare Wire Ws 
tudies 


he the veld and plate stock as shown in Fig. 1. ‘This is the full size polished 


ross section of the sample. The weld metal appears reasonably 


und and clean and one would not expect this metal necessarily to 
























TRAN LIONS OF 





I( THE A. S. M. Mar 




















show a marked lack of metallurgical quality. The same section | 


shown in Fig. 2 


after etching. This view shows the typical bead 
ot the weld deposit which come from the deposition of successive 
passes and the heat effects caused thereby. The characteristics of th: 
structure of the weld metal proper are shown 1n Figs. 3 and 4. 

Descriptions of bare wire welds, which have appeared in thi 
literature,* have indicated that pellets of oxidized iron become e1 
trapped in the pool of metal under the are and characteristic photo 
graphs have been given to illustrate the effect. This same occurrenc: 
was noted in the present study and were at first identified as thesé 
“oxidized pellets.” It was found, however, that when the center oi 
the spot was probed, a thin skin of metal came off to expose a small 
cavity below. This happened in every case. Therefore the theory 
of the inclusion of such pellets of metal is not valid. After a polished 
surface of bare wire weld metal has been cleaned up as described it 
presents a more porous appearance, but still on a fine scale. 

\n enlarged picture of bare wire weld metal is given in Fig. 3 
which shows a typical field at higher magnification. Even here th 
major deficiency of the deposit which is shown, is porosity. By in 
creasing the magnification to 100 diameters massive inclusions o| 
iron oxide become readily visible, as in Fig. 4. These occur with such 
regularity that they may be considered to be inevitable in a process 
of depositing metal by droplets when exposed to a powerful oxidizing 
action. Some additional inclusions can be seen on the polished su 
face at 100 diameters of magnification but to gain the correct view 
of them it is necessary to make use of a lens with a higher resolving 
power. Such a photomicrograph is shown in Fig. 5 which reveals th 
fine dispersion of FeO throughout the deposit. This field also shows 
a few cracks which are believed to be due to shrinkage of the weld 
metal when at the hot short temperature range. While the FeO 
dispersion is uniformly distributed in the weld metal, the shrinkag« 
cracks referred to are more or less isolated occurrences in the sec 
tions examined. Cracks of this character have never been observed 
in weld metal that was not hot short. This fine dispersion of globular 
iron oxide inclusions 1s typical of that constituent and we are inclined 
to the belief that these particles were dissolved in the molten metal 
and that they came out of solution upon solidification. 


Upon etching the weld deposit it is seen that some portions are 





‘H. S. Rawdon, E. C. Grosbeck and L. Jordan, Loc. cit 
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Fig. 5—Fine FeO Dispersion and Shrinkage Cracks in Bare Wire Weld < 1000. 
Fig. 6—Bare Wire Weld; Etched with 2 Per Cent Nital < 1000 
Fig. 7—Junction of Bare Wire Weld and Plate in the As-Welded Condition after 
Reheating to 1200 Degrees Faht Etched with Nital. x 100 
Fig. 8—Same as Fig. 7, After Annealing at 1700 Degrees Fahr Etched with 
Nital. x 200. 








\/ Mat 


fine-erained e Fig, 6) some are coarser-grained though still rela 


~ 







vely fine-grained, and that others show a columnar crystallization 
lhe mitrogen and, to some extent, the carbon produce a “pearlit 


ike’ structure \lost of this is due to the nitrogen and 1s bett 






hown aft the sample is annealed bv means ot a weak cunt 


t 


reavent suevested by Comstock® we have been able to show that th 





pearlitic’ constituent in the weld metal etches dark betore the peal 


plate stock 1s noticeably attacked, and we consider it to |y 
















characteristic of the bare wire weld that a relatively shar 


me ot demareation occurs between weld and the atfected plate stock 








liv. 7 shows the junction before annealing and Fig. 8 after a 
nealim: he carbide segregation and nitride needles are readily ol 
erved he latter occur even in the unfused portion of the plat 
tock showime that a nitriding effect has taken place. 
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It would be PON too tal ahield to attempt descriptions of weld 
made with the various coated weld rods of this type. ‘The purpose 
if the coating seems to be to protect the weld metal while it 1s .moltet 
and during solidification, somewhat as molten steel is protected by 
slag. ‘This applies specifically to the earlher welding rods of this type 


Che weld metal deposited by some of these welding rods was a 





trong as bare wire weld metal and was more ductile, though th 









tal oxygen content was abnormally high for good metal. We lb 


lieve that the small amount of silica which is present in this metal 


1 


has a noticeably beneficial effect in improving its quality. The stru 
ture is sinnlar to that shown in the photomacrographs tor bare wi 


welds and it also appears here that the inclusion of massive slag 





inclusions Is inevitable ln some instances at least, the nitrogen con 





tent is considerably less than that of bare wire weld metal. ‘Taker 





in connection with the high iron oxide content, this must mean that 







while the slag has protected against the obsorption of atmospher 


ven, it has itself oxidized the weld metal. 
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Wirn CELLULOSE-COVERED WELDING Rops 





covered welding rod has a coating which 1s s 








G. | Comstock ransa ns \merican Institute of Mining and Metallurgical | 
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nstituted that pyrolytic decomposition of the cellulose produces a 
werful reducing gas at the are, whose principal ingredients are 
ydrogen and carbon monoxide. Thus these welding rods are pro 
ucers of reducing gases, in addition to such slags that are involved 
their use. ‘These gases eliminate the etfects of the air and main 
in a reducing condition tor the transport of material from the weld 


rod to the plate and during the solidification of the deposited 


etal. The character and quality of the weld metal deposited unde 


uch favorable conditions are readily disclosed by a careful metal 
urgical examination. 
\ characteristic chemical composition of weld metal deposited 
a cellulose-covered welding rod is given in the following tabula 
ne 
Per Cent 
Carbon (0.08 
Manganes« 0.50 
Silicon 0.20 
Phosphorus 0.015 
Sulphur 0.025 
Oxygen (total) 0.06 
Nitrogen 0.010 


Che carbon 1s somewhat higher than in the bare wire welds and 
s not far below that of the original welding rod. It seems likely 
that the well known decarburizing effect of hydrogen at elevated 
temperatures 1s in part responsible for the drop in carbon content 
(he manganese content is about the same as that of the welding rod 
and is subject to control by the addition of ferromanganese to the 
velding rod coating. Obviously some manganese must be volatilized 
it the high temperatures of the are and it is a fortunate circumstance 
that this manganese control is exercised under suitable reducing con 
litions. It will be noted that the sulphur to manganese ratio 1s about 
the same as that found in commercial steel. One of the features ot 
the chemical composition is the silicon content, which is well above 
that commonly occurring in the welding rod or plate stock. In fact 
is about correct for properly made cast steel. It will later be shown 
that this silicon is largely metallic so that it must have come from 
the silica content of the covering by the reducing action prevailing 
the are space. 
The nitrogen content is. satisfactorily low The author has 
ever found that this small amount is harmful, though it is known 


that large amounts of nitrogen will make steel brittle. Ou the other 
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hand it appears feasible to assume that a small and controlled amow 






of nitrogen acts as an alloying element to increase the strength wit! 


out sacrificing too much ductility. The total oxygen content is som 














what above that found in properly made commercial steel, especial! 
those grades with appreciable amounts of manganese and silicon. | 
one knew only the total oxygen content he would be puzzled by th 
high quality of this weld metal and would encounter discrepancies o1 
correlating this amount of oxygen with the metallurgical behavior o 
the metal. By means of the fractional oxygen determinations an 
microscopic examinations we have found that this oxygen occurs a 
a fine silica dispersion, and will be discussed later. 

lypical mechanical properties of weld metal deposited with th: 
cellulose-covered welding rod and after being reheated to 1200 de 


erees Fahr. are given in the following tabulation: 










Yield Point 40,000 to 45,000 pounds per square inch 
lensile Strength 55,000 to 60,000 pounds per square inch 
elongation, 2 inches 30 to 40 per cent 

Reduction of area 45 to 55 per cent 

Charpy value 30 to 40 foot-pounds 

Kndurance limit 30,000 pounds per square inch 
Brinell Hardness No. 120 








\ more complete discussion of the mechanical properties of this 

















type of weld metal and of welded structures which have been fabri 
cated with the cellulose-covered welding rod has been given by 
Jasper, Andrus and Larson, and hence the engineering phases need 
not be dealt with here.’ 

Summing up, the properties cited in the foregoing tabulation 
speak adequately for the excellent quality of this material. It is 
clear that this type of weld metal is quite sufficient for the purpos¢ 
of joming two plates of good commercial steel without sacrifice ot} 
strength or ductility at the joint. While the tests of the above tabula 
tion represent all weld metal, this characterization is not altered when 
tests are made across the weld or of the complete structure. 

Coming to the microstructure of welds made with cellulose 
covered welding rods we enter a field of investigation that has shed 
much light on the reasons for the superior qualities of this metal, 
though the field is too broad for complete consideration here. 

The macrographs in Fig. 9 show the polished and in Fig. 10 the 
etched cross sections of such a weld in 1-inch plate stock. These 












lr. M. Jasper, O. E. Andrus and I }. Larson, The Refiner, April and May, 1933 
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Section of Weld Made with Cellulose-Cove 


big Same as Fig. 9, Etched 
) Same as Fig. 10, Etched 


may be compared directly with the photographs of bare wire welds 
Che differences between these two welds favor the former as being 
of better quality. If these sections be deep-etched in hot acid a 
striking difference is seen because the bare wire weld is badly at 
tacked and reveals a definitely inferior quality of metal. The macro 
graph at 9 diameters in Fig. 11 also shows a dense, sound structure. 

One of the most interesting features of this weld metal 1s the 
type of inclusion. The typical inclusion is so fine that higher mag 
nification is necessary. Fig. 12 shows some of the coarser particles 
of the fine silica dispersion which occurs throughout the weld. Supet 
ficially this dispersion resembles that in the bare wire weld metal, 
except that there is less foreign material present, and we have found 
that the usual examination with ordinary white light does not ade 
juately differentiate these types of inclusions. On the other hand 


polarized light brings out a striking difference as is shown by Fig 
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ee 


Silica Dispersion in Weld Deposited with a Cellulose-Covered Welding Ro 


Same Field as Fig. 12, with Polarized Light, Crossed Nicols x 430 
Weld Metal Deposited with Cellulose-Covered Welding Rod, Etched x 100 
Fig. 15—Same as Fig. 14 x 1000 
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which is the same field as that of Fig. 12 when viewed under 
ssed Nicols.2 Each one of the inclusions lights up and appears as 


This examination shows that the inclusions are of 


optical cross. 
lass type and essentially colorless. The inclusions in bare 


lear 92 
re weld metal all remain dark under crossed Nicols which shows 


it they are opaque. Subsequent identification by chemical tests 





Fig. 16—Junction of Plate Stock and Weld in Weld Made with 
Cellulose-Covered Welding Rod. x 100. The Left Half is Plate 


Stock, the Right Half Weld Metal 


Fig. 17—Slag Stringer in Weld Metal 100 


eveals them as FeO. Many times the chemical analysis and an ex- 


mination with polarized light gives sufficient identification of the 
reign inclusions. 


‘The use of polarized light is being dealt with separately, in collaboration with M. A 
il, and reference is made to that discussion for details. See American Institute of 


ning and Metallurgical Engineers, Fall Meeting, 1934. 
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he typical microstructure of weld metal as deposited by 





cellulose-covered welding rod is shown in Figs. I4 and 15 | 


~ ° 





photomicrographs present a clean cut appearance and show that 











structure is very fine. In contrast to the bare wire weld, the junet 


\ 





hetween weld and plate stock is not marked by a carbide segregat; 





or by a nitrogen pick up. Fig. 16 shows the typical umiform stri 








tural gradation at the junction. It is frequently necessary to foll 





the elongated inclusions in the plate stock and the globular inclusi 





in the weld to trace the actual junction. 












(OCCURRENCE OF COOXYGEN IN WeLpD Merat 















Phe determination of the amounts of the various oxides whi 





occur in weld metal has played an important, even unique, role in ou 





studies of weld metal quality and will be discussed separately befor 


proceeding to the complementary microscopic examination of forei 





inclusions 








\ serious study of weld metal quality made it desirable to ai 





alyze for oxygen. lequipment of the latest design was installed an 











our metallurgical findings were soon being correlated with the “tota 





oxygen” content of the weld samples. This phase of the work wa 








distinctly disappointing. No rational correlation could be found 














It was clear that the total oxygen determination was lacking 1 








selectivity. Out of the necessity for securing oxygen determinations 








which could be satisfactorily used in our metallurgical studies, [1 











Reeve developed a reliable method tor determining the “fractiona 


oxygen contents of the samples.” These analyses characterized the 











weld samples at once as “oxidized,” “killed,” ete., and agreed per 





tectly with the results secured by microscopic examination, ‘Thus 





we were able to account tor the metallurgical behavior of the mate: 








luls Since then many such determinations have given us a much 











hetter understanding of the condition of weld metal (and steel) thar 





we had previously. Fractional oxygen determinations of three dil 





ferent types otf weld metal are given in Table I. 





Che error involved in the tractional oxygen determinations is 





largely subject to the control of the analvst. This we have considered 





and teel that the errors involved in our present procedure are smal 





enough to avoid drawing erroneous metallurgical conclusions. 











Che bare wire weld metal is” rather easily characterized 









Reey 











lable | 
Fractional Oxygen Determinations of Weld Metal 


Bare Wire 

Weld Rox Per Cent 
Ixveen as FeO 
ixvygenas MnQ 

Ixvwen as SiO) »O004 

ixyven as ALO 0.016 


IQ’ 


sidized metal trom the large amount of tron oxide and the small 
mounts ol counteracting constituents. It is similar to a heat ot 


| w carbon steel which we deliberately oxidized on melting, and 
wh 


hich showed the same type of composition and behavior Phe weld 
In oul 


etal made with the cellulose-covered welding rod is likewise casy to 
eLoOre . ‘ 
haracterize because it contams no iron oxide and, as will be shown 
Ore] ' . : 
ater, does contain generous amounts of metallic stheon and man 


vanese. It is thoroughly deoxidized metal. ‘The weld metal trom 


the slag-covered welding rods 1s not so easily characterized. One 

might assume from its large amount of tron oxide that it 1s oxidized 
etal in the same sense as the bare wire weld metal but, it has been 

uur experience that this type of metal occupies a more or less iter 

toy mediate position. It will be noted that it contains an appreciabl 
wo 


unount of silea and alumina and it seems likely that they tend to 
lations 


ounteract the bad effects of iron oxide. “The microscope comes to 


the aid of the fractional oxygen determination and shows duplex 


nclusions with iron silicate and this metal is closer to wrought iron 


1 


an to oxidized low earbon steel in its characteristics 


nai FOREIGN INCLUSIONS IN WeLp Merat 
« = 


mucl 


\ thas Nearly all samples of steel and weld metal contain toreign mat 
i< 


ey ter or inclusions of some kind. These are mostly oxides, sulphides 
nd silicates. The study of these foreign inclusions in weld metal 
is given a valuable insight into its quality and characteristics and 


me comments will be offered on the point of view which has been 


guide. Briefly it may be said that they are first studied as so 


uch “dirt” and then, in conjunction with chemical data, as clues 
m which may be deduced the proper characterization of the metal 
“dirt,” the mechanical effect of inclusions depends on their size, 


pe, amount and mode of occurrence. We may thus distinguish 
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broadly three classes of foreign inclusions, (1) large inclusions, gi 





erally elongated, (2) small inclusions, variously shaped, and 


finely dispersed inclusions. 





\n illustration of the effect of large, elongated inclusions n 





be made by bending wrought iron so that the bend is parallel to 1 





direction of the slag stringers and noting that it lacks ductility a 





toughness. This may even show up on forging at an elevated temp: 








ature. In this direction the metal is of low quality on account 





the large amount, size and unfavorable distribution of the fore; 





inclusions present. If this same wrought iron be bent so that 





bend is at right angles to the slag stringers, it is found to be di 





tile and tough. Here the metal quality is satisfactory in spite 








the foreign inclusions. “Sand streaks” which accidentally beco1 





entrapped in ingots for large forgings offer another example of fo 





eign inclusions which affect the metal behavior but in general ste< 





seldom contains such large inclusions or so many of them that its 





quality is seriously impaired by that one fact alone. <A quantitativ 





expression of the bad effects of the larger inclusions, and particu 
larly those of the stringer type, is given in Epstein’s method of rat- 
10 








ing inclusions according to length*® and about the same thought is 


contained in Herty’s classification of inclusions according to size.’ 











In both instances much greater weight is given to the larger in 





clusions. 





In the case of weld metal deposited by bare wire and slag- 


hcl, 





covered welding rods we have observed that oxide and slag becom: 





entrapped in the welds. This is enhanced by the mechanism by which 








the metal is transferred across the are and the relatively low tem 





perature which causes rapid solidification. An example of such ai 





occurrence is given in Fig. 17 and it seems entirely logical to ascribe 





this defect to the welding rod. 





The second type of foreign inclusions may be readily disposed 
of as being innocuous in ordinary steel or weld metal. Such in 
clusions would receive the lower ratings by Epstein or Herty. Light- 
ner and Herty found that even ‘ 











‘extremely dirty steels” by the Ep- 
stein rating failed to show a lowering of the impact strength unless 
the inclusions were large and located directly behind the notch ot! 















10S 





Epstein, Metals and Alloys, 1931, Vol. 2, p. 186. 


uC, H. Herty, Jr., Transactions, American Society for Steel Treating, Vol. 19, 1931 
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ie test bar.2* This leads to the thought that the mechanical effects 
f the inclusions in weld metal may be disregarded, except for the 
arge or elongated type which has just been discussed 

An interesting and important type of inclusion is the dispet 
sion of small globules which occur scattered throughout the metal 
[he size of the particles is important and in tungsten filament man 
ifacture a special method is followed which insures securing a fine 
size and uniform distribution. In addition the amount present plays 


an important role in filament performance and is usually controlled 


it 1 per cent of thoria by weight. ‘This effect in tungsten has been 


described by Dr. Jeffries years ago, but the present author wishes 


to point out that a fine dispersion in weld metal provides an effec 
tive barrier to grain growth when the metal is heated to tempera 
tures just below the melting point. Bare wire weld metal contains 


about 0.9 per cent FeO by weight, or 1.1 per cent by volume, and 


weld metal deposited with the cellulose welding rod contains about 


0.11 per cent SiO, by weight, or 0.35 per cent by volume. 


Mention of the dispersions raises an interesting point of the 
mechanism of their formation. The iron oxide inclusions of this 
type are generally associated with the solubility of iron oxide in 
molten iron and one is inclined to assume the same origin for the 
silicate inclusions. The weld metal is highly heated when in inti 
mate contact with silicious material and the possibility exists of dis- 
solving some of the silica. Another suggestion is that oxygen can 
diffuse into liquid or solid iron and precipitate as globular silicate 
inclusions. In our laboratory we have studied diffusion phenomena 
in solid iron and believe we have observed both the diffusion of oxy- 
gen with subsequent precipitation on the interior as oxides, and the 
diffusion of silica under conditions which apparently excluded the 
possibility of the first phenomenon, though carefully controlled ex 
periments would have to be performed before the various points 
could be competently verified. In the case of the cellulose-covered 
welding rods in which the metal is deposited under strongly reducing 
conditions, as shown by the increase in the silicon content of the 
deposited metal as compared to the weld rod or plate stock, it seems 
unlikely that diffusion of oxygen accounts for the silica dispersion, 
Of course, if silica can dissolve in solid iron, it should dissolve more 

2M. W. Lightner and C. H. Herty, Jr., ““The Transverse Impact Strength of Plain 


Carbon, Normalized Steels.” Cooperative Bulletin 59, Metallurgical Advisory Board to the 
Carnegie Institute of Technology. 
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eadilv in molten iron. and we could account for the silica dispersior 
on that basis 

Important as the mechanical effects of foreign inclusions i 
weld metal may be. the clues which their identification offer as t 
the condition of the metal are equally significant. Thus bare wir 


weld metal is charged with oxygen as iron oxide; in other words it 


is “oxidized” metal and is similar to Bessemer metal after blow 
ing but before being deoxidized. We may confidently expect. it 
to show the metallurgical characteristics of oxidized metal. The 


foreign inclusions in weld metal from the cellulose-covered rod ari 
practically colorless silica or siheates. If 1ron oxide were present 
in small amounts the silicate inclusions would be colored, and if it 
were present in large amounts as free FeO, we would recognize it 
as a constituent of the metal. This metal is thoroughly ‘“deox1 
dized”’ and the inclusions give the strongest evidence of that fact 
We may likewise expect this metal to show the characteristics of wel 
deoxidized metal. 

Upon closing this discussion of foreign inclusions in weld metai, 
we offer some of our experience with methods of determining them 
quantitatively, along with some conclusions which have been drawn 
on the basis of these results 

Lhe inclusion-count method suggested itself as a means of de 
termining the amount of foreign matter present, as the shape of the 
particles lent itself to this type of determination. While we secured 
reasonably good data, the melusion-count method did not seem to 
offer as much promise as the method of electrolytic extraction which 
had recently been developed at Pittsburgh and was dropped in favor 
of the latter. Electrolytic extraction works very nicely on weld metal 
deposited by the cellulose welding rod which contains mainly silica 
and alumina as toreign inclusions. ‘The amounts of manganese, sil 
icon, and aluminum recovered in the residues as their oxides, ex 
pressed as percentages of the weight of sample dissolved, were as 
follows: Manganese, O.O1 per cent; Silicon, 0.05 per cent; and 
\luminum, 0.006 per cent.” We presume that some of this man 
ganese may occur as the sulphide. By means of these amounts of 
sthcon and aluminum which occur as oxides, and the total amounts 


ot these elements in the weld metal as shown by chemical analysis, 


ft interest to note that Mr. Roach developed a reliable spectroscopic method 


} 





mining aluminum It is probably our most accurate method for determining seg 
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ve can arrive at an estimate of the condition of the metal. ‘These 
culations show that about SO to 85 per cent ol these elements ox 

ur in the metallic state in the weld metal, which is very good evi 

lence to corroborate the previously stated conclusion that this metal 
s well killed. 

Inasmuch as silicon occurs in weld metal deposited with bare 
vire and slag-covered welding rods, its degree of oxidation can like 
wise be used to study the condition of those metals. Calculations 
similar to those above showed that 98 per cent of the silicon 1s oxi 
dized in a weld of the latter type and 100 per cent in a weld of the 
former type. This difference cannot be sigmificant and it is cleat 
that in both metals the silicon occurs oxidized as silica. Similar 
determinations made on commercial low carbon steel show that the 
condition of its silicon is more nearly the same as that of the weld 
metal deposited with the cellulose-covered rod. Ot course the re 
actions responsible for the condition are different in the two cases. 

lo return now to the point of view used in our study of weld 
metal and of foreign inclusions, the microscopic methods show the 
manner i which they occur, their size, shape, distribution and type, 
ind the fractional oxygen determinations give the quantitative 
amounts of the various oxides of which they are composed. One 
feature is missing in the quantitative determinations and that 1s the 
amounts of iron oxide and manganese oxide combined with. silica 
to form silicates, but here the polarizing microscope and one’s ex 


perience in the field assist in drawing proper conclusions 


METALLURGICAL CHARACTERISTICS OF WELD METAI 





Studies of the composition and structure of weld metal bring 
out marked differences between different types of weld metal. It 
has also been interesting to note the way in which these characte 
istics correlate with the metallurgical behavior of the metal, as wall 
now be shown. 

The McQuaid-Ehn Test—Investigators have shown by then 
published accounts that bare wire weld metal is definitely abnormal 
in grain-size and in structure. It has also been intimated that some 


14 


modern welds are normal in this respect This is undoubtedly suffi 


ently well known to obviate any necessity here to consider the mat 


‘See, for example, W. Zieler, Stahl und Eisen, Vol 19 | 6, and F, R. Her 
KE. I. Larsen, Metals and Alloys, Vol. 3, 1932, p U 
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hie. 18—MecQOuaid-Ehn Carburizing Test of Bare Wire Weld Metal, Case Structure 
100. 
hip 1Y 
Welding Rod 
Fig. 20—Fry Test with Weld Metal Samples: 
Top—Bare Wire Weld. 
Center—Weld Metal from Flux-Coated Welding Rod. 
Bottom—Weld Metal from Cellulose-Covered Welding Rod. 


Same as Fig. 18 for Weld Metal Deposited with the Cellulose-Covered 


ter in detail. Fig. 18 represents bare wire weld metal after being 


carburized according to the standard McQuaid-Ehn test for 8 hours 
at 1750 degrees Fahr. and allowed to cool in the furnace. The re 
sult obtained by a similar treatment on weld metal deposited with 
the cellulose-covered weld rod is given in Fig. 19. Thus it is seen 
that the latter type of weld metal is returned “normal” by this test. 
Various other types of metal were likewise tested for normality. 
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When only the total oxygen contents of the metals were available the 
picture was decidedly confused and we even made an attempt to 
correlate the normality with the nitrogen content. ‘This, too, was 
unsatisfactory and we returned to the idea that oxygen must be 
responsible for the abnormal structures. This experience was one 
reason for the strong desire to secure fractional oxygen determina 
tions. By means of the subsequent study, which extended over a 
wide variety of metals, we were able to correlate this behavior with 
the amount of 1ron oxide in the metal. A series of metals or irons 
in which the oxygen, as iron oxide, varied from nil to about 0.2 
per cent showed a unitorm change in structure between the limits 
shown in the photographs reproduced here. The limiting case was 
a melt of pure iron which we melted with an addition of iron oxide 
and which showed the same abnormality as bare wire weld metal. 
Hot Shortness Tests—The degree to which weld metal is sub 
ject to hot shortness is an important characteristic of the metal, pat 
ticularly with multipass welds in thick plates. Obviously the weld 
metal must cool down from the solidification temperature while sub 
ject to a constraint by its union with the plate stock. lLver since 
steel ingots have been cast and rolled and castings have been made 
in steel, this property has been a vital feature of steel metallurgy. 
Weld metal is no exception, and we may list hot shortness as one 
of the factors which controls the use which may be made of welding. 
Reference has been made to cracks which are observed in bare 
wire weld metal but this evidence of hot shortness has been supple 
mented by systematic tests on various weld samples and on special 
samples of iron and steel. Either the top or the bottom halt of a 
slice such as is illustrated in the photomacrographs was used as a 
test sample. After being heated to the test temperature (1050 de- 
grees Cent.) it was put through three successive tests, between which 
the sample was reheated to the test temperature. First the bar was 
bent 90 degrees and secondly 180 degrees, whereupon it was broken 
in two when cold. Finally one-half was flattened by one blow of a 
hammer into pancake form. The bare wire weld metal fractured on 
the first bend and frayed badly on the edge of the pancake. Weld 
metal deposited with the cellulose-covered rod passed all tests with 
no sign of hot shortness, even though the final test was severe. This 
metal was also tested at other temperatures to cover the range over 
which oxygen is supposed to be effective. Good commercial steel 
also passed the tests satisfactorily, while the special heat of pure iron 
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which had been oxidized during melting (high tron oxide) was found 
to he hot short 

Hiaving shown these differences between the different types of 
metal. it is ot imterest to assign a cause to the behavior. \ perusal 
of the literature would suggest iron oxide as a most likely cause, 
particularly the story of Mushet’s contribution to the success of the 
Isessemer process which consisted of adding manganese to the blown 
metal 

ur tests were performed on samples whose chemical analyses 
were well known and whose fractional oxygen content and toreign 
inclusions had been determined. It was found that those samples 
were hot short whose predominant constituent, besides iron, was iron 
Oxicle (ther samples which also had a generous amount of tron 
oxide but which also had some silica showed some hot shortness but 
not at all in proportion to their content of iron oxide. Samples which 
had no iron oxide, but which also had metallic manganese and silicon, 
were not hot short. 

Che literature also mentions the effect of sulphur in producing 
hot shortness, but its effect comes at an appreciably higher tempera 
ture than that produced by iron oxide; 1.e., about 1325 degrees Cent 
ln some early work of the present author on the effects of various 
additions to steel, this effect was found. It 1s also pointed out that 
the combination of iron oxide and sulphur is harmtul. Niedenthal, 
in a systematic study of the effects of iron oxide and sulphur both 
separately and in combination, shows that the sulphur effect 1s super 
imposed on that due to oxygen.'® The work of Niedenthal is quite 
clear in bringing out the effect of oxygen over the range of 900 to 
1100 degrees Cent. At one time during these tests we had occa 
sion to study the effect of iron oxide and sulphur in combination 
in weld metal. In the series of hot shortness tests it was found that 
the weld metal was hot short over a wider temperature range than 
bare wire weld metal and was also of interior quality. It was ob- 
vious trom this test that the combination of iron oxide and iron sul- 
phide in the weld metal is definitely harmful and even more so than 
iron oxide ot bare wire weld metal. In general the tests confirmed 
earher work on the effects of these two constituents. 

Deep ktch Test and Sulphur Printing—The results of deep 


etch tests have already been referred to as differentiating clearly 
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between bare wire weld metal and that deposited by the cellulos 
covered welding rod. Sulphur prints show no difference and the 
circumstance that both types of weld metal are low in sulphur is not 
the only reason for that. Actually the Baumann print, though it is 
ordinarily an excellent means of revealing macroscopic segregations, 
does not react to the weld metal even though the time of contact bx 
ereatly increased. The cadmium-copper print gives the same negative 
results. This behavior seems to be associated with the fine disper 
sion in which the sulphide occurs. The only weld we have exam 
ined that gave a positive reaction to the sulphur print was that which 
contained the combination of tron oxide and iron sulphide. Its rea 
tion was vigorous. 

Fry, or Strain Agmg Test—Vhe Fry test is carried out by mod 
erately bending or detorming the test bar at room temperature, heat 
ing to 250 degrees Cent. for thirty minutes, and etching a section 


through the strained portion by Fry's macroscopic reagent he 


results secured with three different types of weld metal are shown 


in Fig. 20. The bare wire weld metal was so brittle that it would 
not stand the imitial bending and it etched dark all over Phe weld 
metal made with the cellulose-covered rod showed no Fry lines and 
hence is classed as non-aging by this test. Weld metal deposited 
by slag-covered welding rods shows well defined Fry lines along the 
neutral axis. 

ge Hardening Tests, Quench Agimg—Additional slices wer 
taken from the weld samples for this test. These were quenched in 
water from 600 degrees Cent. after one hour and their hardness 
tested directly after quenching and after aging three days at room 
temperature. This temperature was lower than we had previously 
used in similar studies on low carbon steel but it was the same as 
that used by Hensel and Larsen in a similar study of weld metal" 
and it was thought there would be some advantage in having a direct 
comparison with their results. Some low carbon steels show an in 
crease in hardness after aging at room temperature while others do 
not. In other work of this kind we have observed this effect over 
the range of carbon from 0.02 to 0.10 per cent. A positive reaction 
to this test does not mean that the metal is necessarily of correspond 
ingly low quality but it does show that that metal contains constituents 
which dissolve on heating and precipitate on standing at room tem 


°F, R. Hensel and E. I. Larsen, Transactions, American Society for Steel Treating 
19, 1932. p 639 
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perature, to subscribe for the moment to the hypothesis designated 
by the term “precipitation hardening.”” Table II gives the results ob 


tained with welds made with the bare wire and cellulose-covered rods 








Table Il 
Age Hardening of Weld Metal 







Rockwell Hardness 
Top Pass Sody Aff. Stock Plate Stock 
l 2 1 2 ] 2 l 2 
102 103 10 90 96 75 78 
7? 78 Ri) 81 83 79 S2 










Note e Rockwell tests used the 7x-inch ball and 100-kilogram load The reading 
( was made directly after the quench and (2) was made three days afterwards 









It is believed that both types show an aging effect though the 






















hare wire weld has a high initial hardness. The effect at the at 
fected stock of the bare wire weld is probably largely due to absorbed 
nitrogen, and that in the weld made with the cellulose-covered rod 
to carbon. Similar tests made with weld metal deposited with th 
slag-type of weld rod showed a more marked aging effect in both 
top pass and be dy of the weld. 


SUMMARY 





It is realized that much more could be written about these dif 
ferent types of weld metal and about the features of the processes 
which are responsible for their characteristics, but this account should 
be sufficiently complete to serve as an introduction to the actual qual 
ity of the different metals. ‘The bare wire weld is strong when 
properly made and this seems to be its chief virtue. It definitel) 
lacks most of those properties and qualities which characterize the 
common commercial steel which it is used to unite. This has long 
heen recognized and must control and limit the uses which may prop- 
erly be made of this type of weld. Metal deposited with the cellulose 
covered welding rod is seen to possess strength, ductility and tough 
ness to a degree which is entirely adequate for any service for which 
it is properly designed. It is thus capable of being used even where 
the requirements of metal quality are stringent and without the limi- 
tations that must be placed on bare wire weld metal. 

In closing, it is a pleasure to acknowledge the assistance of 
M. A. Scheil, H. Langebeck, H. Jaeger, and others of the Research 
and Engineering Department who have co-operated in this study, 
and to express appreciation to the A. O. Smith Corp., for permis- 
sion to publish these results. 
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DISCUSSTON—METALLURGY OF ARC WELD METAlI 


DISCUSSION 


Written Discussion: By Hugo W. Hiemke, Bureau of Engineering, Navy 
Department, Washington, D. C. 

The contribution which Dr. Hoyt has made to the science of arc-weld 
metallurgy marks an epoch in the development of this relatively new branch of 
metal science. The value of the work is enhanced by the knowledge that these 
data are the crystallization of thought coming from 15 years of experimental 
work at the laboratories of one of the pioneers in the field 

Since 1925, the success of the A. O. Smith Corporation in producing ductil 
arc-weld metal has stimulated research in other laboratories to such a degree 


that many other processes have been developed. All these processes are basically 


similar because they use heavily coated electrodes for the purpose of excluding 
the atmosphere from the arc space during welding. However, the coatings 
themselves may be divided into two major groups: (1) organic coatings, which 
incorporate an appreciable quantity of carbohydrate material, such as cellulose, 
in a mixture of inorganic materials; and (2) inorganic coatings, which depend 
on a properly proportioned slag mixture to protect the weld 

Dr. Hoyt has very ably presented the essential characteristics of bare wir 
weld metal and weld metal deposited with the cellulose type of covered elec 
trode. However, the description introduced of weld metal deposited with a 
slag type of weld rod, in the opinion of the writer, does not do justice to the 
possibilities of the modern inorganic type of electrode. 

The Naval Engineering Experiment Station,’ at Annapolis, Md., has had 
the opportunity of testing a great number of welds made by various processes 
in connection with the requirements for approval of a welding process prior to 
the fabrication of naval machinery. The tests ordinarily made include tension 
of all-weld metal, tension across the weld, bend tests, Charpy impact test, 
chemical analysis, and studies of the inclusions and the microstructure. Add 
tional tests which have been made in special cases include fatigue tests, creep 
tests and tension impact tests. While these tests are not as exhaustive as the 
ones made by Dr. Hoyt, they, nevertheless, represent in a large measure the 
tests ordinarily made by metallurgists to judge metal quality. The attached 
lable I is introduced as a set of typical properties of welds made with a 
recently developed inorganic coating. 

The low nitrogen content of the metal is indicative of quite adequate ex 
clusion of atmospheric influence in the arc. The high silicon and manganese 
give a clue, at least, to the successful exclusion of iron oxide from the weld. 
It seems reasonable to suppose that the oxygen which is present in this weld 
will be combined largely as silica and manganese oxide. It will be noted, how 
ever, that no oxygen analysis has been reported. The writer considers the frac- 
tional oxygen analysis developed by Dr. Reeve and Dr. Hoyt as an exceptionally 
valuable tool for demonstrating fundamental differences between metals. It is 
regretted, therefore, that this analysis cannot be included in this discussion. 

Referring to the physical properties (Table I), it will be noted that the 
weld metal combines high ductility and toughness with high tensile strength. 


1The data and photographs reported in this discussion were prepared by W. C. Stewart 
etallurgist of the Naval Engineering Experiment Station. 











Photomacrograph of Weld Ullustrating Its General Uniformity 
{ Deposited Weld Metal 


Such excellent properties, in themselves, characterize the weld as quality metal 


Illustrations of the weld are reproduced as Figs. 1 to 5 of this discussion 
| shows a macrograph of the weld illustrating its general uniformity and 


soundness. Figs. 2 


lig 


and 3 are photographs of the unetched weld at 100 and 400 


diameters, respectively. It will be noted that the inclusions are present in larg: 
numbers, but the typical inclusions are small rounded and uniformly disposed 


Physical Properties 


0O.07-0.1 Vield port 50,000-60,000 
0.40.09 { 


p.S.i 

Itimate strength 65,000 80.000 D.S.i 
1. 15-0.2 Per cent Elongation in 2 inches 20 
than 0.02 Per cent Red. in Area-40-60 pet 
than 0.040 Charpy value——ft.-lb 0-40 

than 0.035 Brinell hardness 140-175 


35 


cent 


In 


view of the excellent physical properties of this material, it must be assumed 
that such a distribution of 


inclusions is not harmful. Fie. 
weld at 100 diameters 


4 shows the etched 
lhe grain is quite fine, and there are no nitride needles 
Reterence to Fig. 1 shows that this is the typical structure, each bead being 
refined by its successor. Fig. 5 shows the structure at the fusion zone. 
Weld metal of the qualit: 


indicated by these tests is admirably suited tor 
jong borer 


plate, without impairing the safety of the completed structure 


Indeed, it has been successfully used in such service for the past five years 
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Figs. 2 and 3-——Photomicrograph of Unetched Weld Metal at 100 and 400 


Diameters Respectively. 
Fig. 4—Photomicrograph of Etched Weld 100 


Fig. 5—Photomicrograph of Weld Metal at Fusion Zone Etched < 100 


Written Discussion: By S. V. Williams, Struthers-Wells Co., Warren, Pa. 


This paper is indeed timely, as inherently it is the metallurgist’s work to 


reduce modern welding from an art to a science. The American Society for 


Metals is to be congratulated on sponsoring papers of such scientific value on 
the metallurgy of arc-deposited weld metal. 

That we should not all see the same definition is well for the establishing oj 
scientific facts. From my vista, the modern weld rod is the most flexible tool 
man has by which metals can be joined together by purely metallurgical means. 
lf the design of our weld rod does not create these metallurgical means, out 
weld will be found wanting in its mechanical properties, even though the parent 
metals be of the highest quality. 

This rightly infers that the quality of our metals being joined affects the 


juality of the arc-deposited weld metal. This I am sure the author realizes 


l‘urthermore, I am sure he realizes that the metallurgy of arc-deposited weld 











metal m Ca\ thick ( lt metal require a more exacting tool than |e 


thickness In other word our metallurgical effects must be balanced 
the melting olidification nd subsequent heat treatment periods of weldi 
lhe desig four weld rod largely controls this balancing 
fhe bare wire weld rod tailed in the control ot all three periods of weldi 
paper vel iptly brings out the reasons why it tailed lhe design af 


modern weld rod mitust correct these dehicren eS Of the bare Wire rod 







VV ur wath the author that the elongation and ductility ola bare 
eld mac vitl plate ‘ l inch thickn ire lower than that ma QOQ.2Z5 uv 


thi 
















with lowering an merease in ultimat 


treneth. but find it 10 to 20 per cent lowe This indicates the presence 

rink cracl in the weld metal, caused by the hot shortness of the metal. 
the failure of subsequent layers to stress-relieve the residual stresses of previ 
deposited layet Phis failure ws often evidenced by the cracking otf such wel 
vhen completed or partially completed 


Phe chemical analysis of the bare wire are-deposited metal shows it to 














ivhly oxidized—vt not a burnt metai even with a high degree ot mecha 
working, it is diftheult—-1f not impossible—to overcome this by heat treatment 
lhe bare wire rod ts meapable ot creating the necessary thermal or heat unit 
to accomplish thi 

Modern weld rods are so designed as to generate a gaseous shield from thi 
constitutents ot its covering Phe residual slag-torming constituents gather 
the back of the pool tormed by the melting and tusing of meeting metals. WI 


the nature of this gaseous shield and residual slag should be depends on 





allovine we are desirous ot obtamimeg im ou 








ited 





\n imert gas would greatly alter the areme characteristic of the wel 







rod, and be very unstabl It must be an active gas the author has point 
out that the are 1onizes the gases lt the gas 10onizes, it must again associate 
nd it is at thi tave that it should not have any athnity tor our meta 


lurthermore, it is desirous that its affinitv tor oxvgen and nitrogen be great 












han that ot the metal 





Phe degree of tomzation of the gaseous shield has a decided influence up 
he resistance of the are, and theretore its stability and the amount of enere 
consumed m the are to be dissipate do as heat units This function of the at 


he crux in the destgen of our modern weld rod, tor unless the necessary he 





units are created at the pomt of our electrode, our metallurgical mean 












\ word about the residual slag. It generally plays a secondary part, be 
cause of the period of time employed. lt sufhecrent heat is created in the po 
referred to above, this slag can have beneficial effects, if metallurgically ba 
uiced, Certainly, the heats of formation of its constituent components must 


higher than the heats ot tormation of the oxides of the molten metal. 1f tl 






metal is to be improved 


ln short, in modern welding, are we not making steel at the point of ou 







weld rod furthermore, are we not teeming this steel in an entirely new ma! 
net lhe structure finally developed clearly indicates this, when the chemica 


analvsis of the metal is made 
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In passing, 1t should be pointed out that the metallurgy of the metal of the 
cted zone 1s also very important im the overall efficiency of our weld hy 
varticularly important it the weld is to be subjected to severe corrosion 

Written Discussion: By ( | Plummer, technical director, chemi 

metallurgical engineering department, Robert W. Hunt Chicage 

Dr. Hoyt is to be congratulated upon the fine way he has presented thi 

r, which has added considerably to the subject of foreten inclusions in 
n and steel In our consulting work, we have had occasion to make micro 


pic studies and physical tests ot weld metal made by the three methods out 


ned in this papet Our results verity those given by Dr. Hoyt Phe tollow 









are some typical results obtained in our laboratory on the physi il property 


weld metal made with a shielded arc 














Sample Marked 


Tensile Strength, Ibs. pet q in) 61.040 

Klongation im inehe 
\mount a) 5 6 
Per cent 


ypecithe Ciravity 











The “fractional oxygen” method 





which reports separately the amounts ot 


xvven which are combined with tron, manganese, silicon and aluminum 


espectively, is an important stride torward in the study of foreign inclusions 


Dr. Hoyt’s broad experience in metallography and his study of inclusions in 
m and steel has resulted in producing a paper which ts hard to criticize any 
iy but favorably. 

Written Discussion: By John L. Burns, Republic Steel Corporation 
outh Chicago, Hlinots 

Since Dr. Hoyt covered such a vast field in his excellent paper, his remarks 


some of the details were necessary briet. | have particular reference to 


the age-hardening phenomena 


The temperature of maximum solubility of nitrogen im alpha iron is around 


80 degrees Cent. (50 per cent nitrogen) while that for carbon is 720 degrees 


ent. (0.035 per cent carbon) Phe room temperature solubility of nitrogen 
usually given as 0.015 per cent, while that for carbon ts usually stated as 0.006 
cent Both the mtrogen and the carbon in the bare wire weld are present 


greater quantities than their respective room temperature solubility value 


ln the weld deposited with the cellulose-covered wire, the carbon is present im 


greater quantity than its room temperature solubility, while the mitrogen 1 


lower than its room temperature solubility 


Obviously, in the bare wire weld both nitrogen and carbon may play a part 


the age-hardening phenomenon, while in the weld deposited with the cellulose 


covered rod only carbon could play the part 








It should be noted too, that in the quenching treatment the samples were 
ot brought to a sufficiently high temperature (in the alpha iron range) to allow 
ill of the possible carbon to go into solution. Furthermore, as Dr. Clough’ 
as shown, in ordinary water quenching, a large portion of the nitrogen precip 
tates during the cooling operation. This fact is brought out by obtaining 


lecidedly lower hardness reading after quenching in iced brink he resultant 













1 B Doctor's Thesis — Harvard Universit, 





Clough, 
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room temperature aging is greater in the latter case. This accounts in a la: 
part for the high initial hardness of the bare wire weld metal. 

\ third factor which should be considered in the comparison of the 1 
rods is the rate of hardening of tron-nitrogen alloys as compared to it 
carbon alloys 

lron-nitrogen alloys complete their room temperature aging after 48 how 
while iron-carbon alloys require about 30 days. Naturally, a three-day test wor 
be unfair as a comparison of the age-hardening characteristics of the two met 
his is not intended as a criticism of the present paper because no such stu 
was intended 


There is no actual separation of a phase or precipitate during the ro 







temperature aging of iron-carbon or iron-nitrogen alloys as evidenced by X-1 
diffraction measurements. In this respect age-hardening in these systems | 
haves as does duralumin during room temperature aging. However, the el 
trical conductivity in the former alloys increases during aging in the form: 


cases, while a decrease is recorded during the room temperature aging 






duralumin 


Oral Discussion 









De. C. H. Herry Jr. | would like to point out something that is of ger 
iiterest to me. In Dr. Hoyt’s paper it appears that all he has done is to mak: 
an open-hearth heat mm a very short space of time at a very high temperatur 
lhe metallurgy of the welding process is simply a steel-making process, r¢ 
moved somewhat from ordinary conditions in which we think of making ste« 


and it makes one wonder trom the looks of the tests that he has carried out 






(and which will be reported a little later) whether one might possibly mak: 
certain tests in weld metal before proceeding to large scale tests of open-heart! 


metal 





C. T. Parrerson’: I agree with Dr. Herty’s suggestion in regard to the 














«lea that in arc welding we are making steel in a little open-hearth furnace, and 
| am somewhat disappointed that Dr. Hoyt did not show us more of the hig! 
inagnification studies. Looking at the picture of the weld, you see very muc!l 
finer grain structure than in the plate. If you will just take 1000 or 2000 mag 
nifications and compare that with 250 or 500 in the plate, you discover th 
remarkable similarity in structures of the weld metal and the plate, giving du 
allowance for the size. That study | commend to all of you who are interested 
i the improvement of welds or more knowledge of what you have when you 
have to use welds. | wish Dr. Hoyt would present some high magnificatior 
studies of these welds in some future paper 

lr. N. Armstrone’: Dr. Hoyt is to be congratulated for identifying 10 
clusions. Most of us who have dealt with inclusions in are deposits have don 
it on a quantitative basis rather than a qualitative basis. It appears to me that 
Dr. Hoyt's defintion of modern are welding is rather narrow in its limits. Whil 
it is true that cellulose-covered rods have certain definite advantages over th 


mineral-coated rods, there is one advantage that the mineral-coated rod has ove! 














7. L. Burns, A.1.M.E., Iron and Steel 
‘Bethlehem Steel Co., Bethlehem, Pa 
‘Semet-Solvay Co., Syracuse, N. \ 
Norfolk Navy Yard, Portsmouth, Va 


Division, August, 1934 
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cellulose-coated rod. We find that the quantity of inclusions made wit! 
ieral-coated rods usually is less than that made with cellulose- or organi 
ited rods, and also there is a type of defect in deposits made from organi 
is that is not quite so prevalent in the deposits from mineral-coated rods 
is is on account of the characteristics of the two rods. Of course we have 
gas that acts as a reducing atmosphere around the deposit made with organi 
atings. The salt in the mineral-coated rods acts as a reducer, so if the opera 
r does not conduct the welding exactly as he should, he is apt to get gas 
nclusions. The gas formed by the coating is likely to be trapped in the de 
sit and not have a chance to come out. I think you will find this condition 


more prevalent with organic coatings than with mineral coatings 


Author's Reply 


\side trom thanking those who have so liberally and willingly contributed 
heir own share to the discussion of this subject, there is not very much more 
r me to cover here. Dr. Herty referred to the similarity between the welding 
peration and open-hearth melting. If he could have seen the use that we mad 

all his bulletins on open-hearth furnace practice he would have appreciated 
that we considered likewise that there was a striking similarity We hav 
found those publications to be extremely valuable in diagnosing many of the 
haracteristics of weld metal. 

Various gentlemen have referred to a certain type of weld metal which was 
it under discussion in the paper, and all | can do is to thank them for making 
their contributions. I am sure that what they have said will make a valuabk 

addition to the material in the paper, and it is possibly a little unfortunate that 
those descriptions were not as detailed or as specific as these which are given 
or the types ot weld metal that we are discussing. 

Mr. Armstrong stated that weld metal made with the mineral-coated weld 
rods was cleaner than weld metal made with the cellulose-covered rods. The 
paper attempts to bring out that what might be called dirt, but which | prefer 
to call a “beneficial dispersion,” is really a good thing. I believe that while the 
total oxygen content is made to look a little high, around 0.06 or 0.07 pet 
ent oxygen, when you consider the form in which it occurs, I see no 
reason for wanting to eliminate it. It is well known in tungsten metallurg) 
hat a dispersion “of thoria in the tungsten filament is very beneficial. It 1s 
idded deliberately and the effects that come from that addition are very posi 
tive. The silica dispersion in weld metal is of the same type as the thoria dis 
ersion in tungsten and I believe should be regarded as a beneficial dispersion 

lhe other gentlemen have raised some important points. Mr. Williams re 
ers to plate stock and the heating effect along the weld band, which naturally 
as been studied quite a bit, but inasmuch as the paper does not attempt to 

scribe those effects, I do not believe I shall attempt an answer. I really 
uld have to write another paper, those effects are so important 

Mr. Hiemke makes a distinction between two types of heavily coated ele 
rodes, those which use cellulosic or organic constituents and those which use 


‘ganic constituents in suitable proportions. The paper attempted to describe 
ld metal deposited by the former type of weld rod, and, for comparison, 
troduced some data on weld metal deposited by the straight inorganic rod of 















































rie 






‘ 
i> 







1« 







ri 
cl 





sat 


tive 


comple t« 


hyect ma 


that ihaout 


that nitroge 


tal tS cle 
tistactor\ 


Mi Me 


rreatly inte 


the fin 


teria 


fie ld to 


al Thilw 


ttel al 


iv. oe 
1 yx 
that 
hit bye 

thre 1) 
CCl 


() ()] pel 


i so capable 


ite! ral 
I) mite cd 


TEDL ITN 


deposited by the vari 


Lhe ik 


1)! 
! 


ered in the paper and it would be of interest to learn how the material 
Mir. Hliemke’s tests responds m similar treatments 

1)y | Reeve wrote Lkewise stating that excellent weld metal can be « 
1 sited by moder! 1 mproved types OF MlMOrgeanty weld rods whose constituel 
ire properly proportioned. Ur. Reeve turther pomts out that the definiti 
ed ot “moder are welding ts open to criticism im that it suggests that t 
ood welding one must use the cellulose type of weld red. While it might 
f mterest to learn the accuracy of my presumption in. stating the definiti 
t would be rreater mterest to secure complete descriptions ot weld met 
vhich 4 ley ited by thet tvpes ol “modern” electrodes 11 Reeve Stat 
r example, that such electrodes operate with a thick slag, which brings 
the pomt rarsed the paper about the entrapment of massive slag stringers 
the deposit when welding with rods ot the slag type 

\eam Mr. Armstrong states that the mineral-coated rods produce we 
metal that contains le foreign iclusions than that trom cellulose-coated rod 
Phis ts at variance with the photomicrographs of Mr. Hiemke which tdicat 
the opposite Mir. Armstrong and Mr. Hiemke must be discussing differet 
typ { inorganic rods In view of the evidence: ot the paper the small 
ynount of melusions may not be an advantage, mm tact that would be doubtful 
but this all should be cleared up by more complete descriptions of weld metal 
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of weld rod to show that metal of excellent qual 
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lesired, bis contribution is a valuable addition to ¢ 
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PREPARATION OF KNOWN OXIDE INCLUSIONS 








Matveieft (1)! prepared synthetic inclusions by forging an iro: 















pipe containing known nonmetallic materials. Very pure inclusior 
were prepared by Wohrman (2). He packed an electrolytic iro: 
crucible with known oxides, placed it in an alundum crucible an 
melted in an Arsem furnace. This arrangement eliminated most oj 
the objectionable fluxing of the crucible by the inclusions. Herty and 
his co-workers (3, 4) added deoxidizers to successive ladles of metal 
from an oxidized bath in an electric furnace. Benedicks and Lot 
quist (5) have depended upon commercial steels, slags, and minerals 
Important microscopic studies of inclusions in commercial steel 
have recently been reported by Grant (6), Sims and Lillieqvist (7 ) 
Zieler (8) and Lofquist (9). For the present study the melts wer 
prepared in a small magnesia-lined induction furnace which wa 
capable of rapidly melting a charge of three or four kilograms. Thi 
charge consisted of electrolytic or ingot iron with sufficient iron oxid 


to saturate the liquid metal. When the melt was thoroughly liquid 














it was held at temperature for about five minutes, deoxidizer added 
and the heat cast immediately into a small iron mold. The melt 


ing record of heats containing oxide inclusions is shown in Table | 





Table | 





Melting Record of Heats Containing Oxide Inclusions 
















Heat No [ron Used Amount and Type of Deoxidizer Added 

1 ingot iron ».25 per cent ferromanganese 
electrolytic 3.33 per cent ferromanganese 
electrolytic 0.16 per cent ferrosilicon (78 per cent) 

' electrolytic 0.27 per cent ferrosilicon 
ingot iron 0.30 per cent ferrosilicon 

6 ingot iron 0.75 per cent ferrosilicon 
electrolyti 1.00 per cent ferrosilicon 










electrolytic 1.00 per cent ferrosilicon 
ingot iron 1.25 per cent silicomanganese 
electrolyti 1.33 per cent silicomanganese 
ingot iron 0.30 per cent zirconium-ferrosilicon 
electrolyti 0.40 per cent zirconium-ferrosilicon 
ingot iron 0.25 per cent calcium silicide 

14 ingot iron 0.25 per cent calcium-silicon-aluminum 

l ingot iron 0.25 per cent aluminum 

16 electrolytic 0.33 per cent aluminum 

17 electrolytic 0.33 per cent aluminum 

18 electrolytic 0.33 per cent aluminum 

1Y electrolytic 1.66 per cent ferrochromium 


The inclusions were studied in the steels in the cast, forged, 
quenched and annealed conditions. In this study photomicrographs 





1The figures appearing in parentheses refer to the bibliography appended to this paper 
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SIONS IN STEI 










e used to show the various types of inclusions that are formed by 
ifferent methods of deoxidation. In some cases it is quite impossibk 
to show all that can be seen under the microscope because it is diff 


ult to reproduce color shades. No attempt will be made to descrilx 





the few unusual inclusions that were found; the descriptions given 






ipply to the typical inclusions. 









SAMPLING AND POLISHING 





lransverse sections tor metallographic studies were cut from 
each ingot at a height slightly above the centet \ segment 


vas cut from each section and polished for examination. The lowe 








half of each ingot was forged to determine the effect of various in 
clusions on the forging properties of the iron, as well as to deter 
mine the effect of forging on the inclusions 


The method of polishing finally adopted was essentially that 






described by Urban and Schneidewind (10). The modified proced 
ure is as follows: 

1. Grinding on coarse and fine emery wheels 

2. Grinding on French emery paper, starting with a number 
and finishing with a number 000. Numbers 0 to 000, respectively, 








were coated with stick graphite, which produced a finer finish. 
3. Polishing on a billiard cloth disk, using coarse rouge as an 
abrasive and water as a lubricant. 


4. Polishing on a disk covered with a good grade of moistened 













billiard cloth, which is charged with a fine grade of jeweler’s rouge. 
Water is dropped on the wheel at a constant speed, the water act 
ing as a lubricant. 

5. Washing the specimen in benzene and touching up on th 
ame wheel, using only water. 

The relative ease or difficulty with which various specimens 
polish depends largely upon the types of inclusions present in the 
iron. With the exception of alumina inclusions, most of the speci 
mens can be polished with little difficulty. Alumina inclusions have 
. marked tendency to wipe, resulting in the formation of a large 
number of very fine scratches on the area adjacent to the inclusions. 

The various types of inclusions resulting from the reaction of 






lissolved iron oxide with the added elements in the above heats are 


scribed in the following paragraphs. 
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MANGANESE OXIDE-IRON OXIDE 











2, Deoxidized with Ferromanganese. From tl 


J j j | 
llea y / dha 


similarity in both chemical and physical properties of FeO and Mn 
it would be expected that the inclusions formed in Heats 1 and 
would form a simple solid solution. Herty’s experimental wor 
11) on this system indicates a simple solid solution over the enti 
range of compositions. Wohrman prepared very pure inclusio1 
which consisted of at least two distinct phases. A number of i1 
clusions were found in Heats 1 and 2 that showed the presence o} 
light and dark gray phases but the majority of the inclusions appears 
to consist of only one phase. These inclusions were similar to thos 
shown by Wohrman but no photomicrographs are shown here. 
\ngular but noncrystalline, dark gray inclusions were also foun 
in limited numbers. These inclusions are usually connected by 
series of spherical inclusions of the same color. Morber (12) foun 
that the angular type of inclusion is formed when the MnO/FeQ 
ratio is high, while the round type is formed when the ratio is low 
\ll of the inclusions found in these heats showed a marked tendency 


to elongate upon forging. 
IRON Oxipe-SILtica (FERROUS SILICATES ) 


Heats 3,4 and 5. Partly Deoxidized with Silicon. A typica 
inclusion of Heat 3 is shown in Fig. 1. The most striking chara 
teristic of this inclusion is its larger size. The inclusion shown is 
very typical in that no other type was found in this heat. 

In order to gain some notion as to the c« ynposition of the phas« 5 
of the inclusion shown in Fig. 1, inclusions of this type were re 
moved for petrographic-microscopic studies by a method which will 
he described in detail in a later section of this paper. The dark ir 
regular areas in this inclusion are glassy in appearance and have ai 
index of refraction that is near that of quenched cristobalite. Thi 
semi-glassy groundmass, which is very finely dispersed, is a submi 
croscopic mixture of silica and fayalite. At first thought it may 
appear strange that cristobalite would be found in inclusions whos 
total silica content is low. However, Grieg (13) has shown that 
nearly pure silica will separate rapidly from a less siliceous mass 
even when the silica content of the latter is low. 

Heating to 1000 degrees Cent. (1830 degrees Fahr.) produce: 
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Fig. 1—Ferrous Silicate Inclusion in Heat 3, As-cast; Cristobalite in a Ground 


mass of Semi-glassy Silicate. < 1000. 
Fig. 2—Ferrous Silicate in Heat 3, Annealed. <x 1000. 
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Fig. 2 illustrat 
the change that has occurred on annealing. The silica particles wit 


a distinct structural change in these inclusions. 


in the inclusions have lost their original outline; however, they 
larger and more numerous, indicating a depletion of the less si 
ceous groundmass. That a depletion of the groundmass has 
curred was shown by the fact that it was completely opaque wh 
immersed in the oils used for the refractive index studies. 

Since the groundmass of these inclusions is low in silica it wor 
be expected that their melting point should be comparatively lo 
This was confirmed by the observation that they readily deform « 
forging as is shown by Fig. 3. 

Typical inclusions of Heat 4 are shown in Fig. 4. This he: 
had an addition of only 0.27 per cent of ferrosilicon, which is ar 
increase of 0.10 per cent over the addition that was made to Heat 
3. This rather small increase in the silicon addition was sufficient 





to effect a change in size and structure, which is shown by compat 
ing Figs. 1 and 4. The majority of the inclusions found in Heat 



















4 resemble the gray glassy type shown in the photomicrograph ; 

few of the inclusions were of the semi-glassy type. The “‘yeast cell 
inclusion suggests coalescence; however, it is equally probable that 
it may represent an arrested stage of subdivision. These inclusions 
are high in silica, which is indicated by their low indices of refractior 

It is to be noted that the inclusions shown in Fig. 4 have a chai 
acteristic series of concentric rings, which are due to reflections o!| 
light from the depths of the transparent spherical inclusion. Wohi 
man (2) suggested that these reflections originate at the surfac 
of a hole from which the inclusion has been torn out during the po! 
ishing operation. Even if, as Wohrman suggests, the cohesion b 
tween the inclusion and the metal is very weak, it would still be im 
possible to dislodge an inclusion that had been cut through a plan 
above its center. As a final proof that the inclusion is actually pres 
ent, it may be stated that these inclusions could be gouged out under 
the microscope. 

The inclusions in Heat 5 were quite similar to those found in 
Heat 4; however, they appeared to be more glassy and were definitely 
smaller, indicating again that the size of the inclusion is partly gov- 
erned by the amount of silicon added. The more glassy appearance 
of the inclusion would suggest that they were higher in silica tha 
the inclusion found in Heat 4. However, the indices of refraction 
of the inclusions in both of these heats are near that of pure quenched 
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Fig. 3—Ferrous Silicate in Heat 3, Forged. As in the Preceding Photomicro 
graphs the Dark Portions are Cristobalite. <x 1000. 

Fig. 4—Glassy Silicates in Heat 4, As-cast; Polishing Scratches Indicate Hardness 
of the High Silica Inclusions. Xx 1000. 


silica. None of the inclusions found in these two heats were affected 


by either quenching or annealing; however, they were rather easily 


deformed upon forging. 

Heats 6, 7, and 8. Deoxidized with Ea Silicon. Two dis- 
tinct types of inclusions were found in this series of heats. These 
ire the plain transparent type of inclusions that has been described 
ind the glassy type shown in Fig. 5. The irregular darker areas are 
similar to the irregular areas shown in the inclusion of Fig. 1, and 
re pure silica (cristobalite). The groundmass of these inclusions 


nearly pure silica, which was checked by their indices. The trans- 
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parent, silica-rich groundniass produces a rather contusing effe 
on account of the fact that a number of the pure silica particles ar 
located on various planes below the polished section. 

A majority of the inclusions in these heats were slightly atfect 
by quenching and annealing, which produced a slight opalescenc 
This is a rather interesting situation because we have seen that tl 
low silica inclusions of Heat 1 were markedly affected by eith 
quenching or annealing, while inclusions intermediate in silica (Heat 
tf and 5) were not affected. The explanation of this behavior is not 


evident and should be left open for future study. 






MLANGANESE OXIDE-SILICA. (MANGANOUS SILICATES ) 





Heats 9 and 10. Deoxidized with Silicomanganese. The 
clusions in these heats could readily be mistaken for those shown 


in Fig. 5. They contained pure silica embedded in a semi-glassy t 








glassy groundmass. The index of refraction of this groundmass is 
much higher than that of ferrous silicates rich in silica and is very nea 
that of rhodonite (MnO-SiO,). The large size of these inclusions 
indicates that they would be eliminated from the steel bath with com 


parative ease. Herty and co-workers (14) have found this to b 








true of heats deoxidized with silico-manganese alloys. 





ZIRCONIUM-FERROUS SILICATE 















Hi als ] ] and | é. 


of the inclusions found in these heats were complex in structure; 


Deoxidized with Zirconium Ferrosilicon. All 


they all showed a green tinge which is characteristic of zirconiun 
silicates. Deoxidation with an alloy containing zirconium would sug 
gest the possibility of forming zirconia (ZrO,) inclusions, which 
would be crystalline because the melting point of zirconia is much 
higher than of iron. These were conspicuous by their absence. Simi 
larly, it may be said that the inclusions are not zircon (ZrO, °SiO.), 
nor the eutectic of zircon and zirconia because these also have very 
high melting points. This leaves only one possibility, namely, that 
the inclusions formed in these two heats consist of zircon fluxed with 


either ferrous oxide or ferrous silicates, and would, therefore, b¢ 






liquid at steel melting temperatures which is indicated by the fact 
that the inclusions were readily elongated on forging. An exampl 
of a large zirconium-ferrous silicate inclusion which has been elon 
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gated in forging is shown in Fig. 6. This inclusion was unusually 


large and only one end of it is shown in the photomicrograph. 


COMPLEX SILICATES 





Heat 13. Deoxidized with Calcium Silicide. Heat 14. Deoa 
dized with Calcium-Silicon-Alwmnum. The inclusions found in 
these heats were quite complex, showing as many as three phases 
although a number of glassy inclusions were found that were ric} 
in silica and had the same index of refraction as the ferrous silicate 
high in silica. ‘These glassy inclusions were readily devitrified on an 
nealing. Since the inclusions are so complex in structure it 1s quit 
hopeless to try to identify the various phases, however, it may lhe 
stated that no free calcium ferrites were found and none of the re 
ognized compounds of the lime-alumina-silica system. The typical 
inclusions of these heats showed a decided tendency to elongate on 
forging, indicating that their melting points are below that of liquid 
iteel 


(OBSERVATIONS IN POLARIZED LIGHT 





When an anisotropic substance is observed in polarized light 
with the Nicol prisms crossed, the intensity of the reflected or trans 
mitted light depends upon the orientation of the substance relativ: 
to the plane of polarization of the light. In the ore microscope used 
in this study, light passes through the polarizing prism to the speci 
men from which it is reflected through the analyzing prism to the 
eyepiece. If the orientation of the specimen is altered by rotating 
the stage of the microscope, the light intensity varies through suc 
cessive maxima and minima. When an isotropic crystal is observed 
with the prisms crossed the intensity of the light is very low and is 
unaffected by the orientation of the specimen. It is thus possible 
to distinguish between inclusions which are isotropic and those which 
are anisotropic without removing them from the steel specimen in 
which they are found. This method has proven especially useful in 
the identification of certain sulphides and of the oxides described 
in the following paragraphs. It is also useful on occasions for dis 
tinguishing between sulphides and silicates in rolled or forged speci 
mens. The latter appear brilliantly illuminated against a dark back 
ground when examined under crossed Nicols. 
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ually ALUMINA AND ALUMINATES 


Heats 15, 16, 17, and 18. Deoxidized with Alwninum. The 
inclusions in these heats are particularly interesting because they 
have been the subject of numerous discussions. In 1915 Comstock 


15) showed by photomicrographs the inclusions that are formed 


d in when a bath is deoxidized with aluminum. He described the inelu 


ASES sions as being very small and very difficult to polish, showing a 
rich marked tendency to segregate into groups which formed stringers 
Cates when the steel was forged. Recent studies have not added materially 
dan to the description given by Comstock, which may be partly accounted 


quite for by the fact that a number of inclusion types are formed undet 
very similar conditions. 

In Fig. 7 is shown a typical group of inclusions that were found 
pical in Heats 15 and 16. The dark angular inclusion at the top of the 
€ on photomicrograph was quite rare for these heats, while the irregular 
quid groups in the central portion of the photomicrograph are most typi 
cal. The irregular groups are very difficult to polish without the 
formation of “comet tail’ scratches, a few of which are still visible 


even though extreme care had been exercised in preparing the speci 


light men. Numerous investigators have called the irregular dark areas 
g 


‘ans alumina; this is believed to be in error, since alumina should be trans 
ative | lucent. The light particle that is embedded in the dark mass may be 
used alumina because under the microscope it is nearly transparent. 
peci Figs. 8 and 9 show the various types of inclusions that were 
. the found in ingot 18, which was not dead killed and showed a slight 
iting porosity. The gray inclusions shown in Fig. 8 were found near the 
ia skin of the ingot. They are ferrous aluminate in various stages ot 
rved fluxing with the excess ferrous oxide that was present. ‘The inclu- 
id is sions found in the center of the ingot are shown in Fig. 9. Exam 
sible ination in polarized light discloses the fact that the crystals are 
isotropic and, therefore, not corundum, which is hexagonal. They 
appear to belong to the cubic system, even in the case of the one 
crystal whose outline is hexagonal. Now if an iron-alumina spinel 
were formed, it would be a cubic crystal of the composition 
FeO°ALO.. Such a compound might reasonably be expected, but 
the work of Herty and his associates (4) on the system ferrous 
xide-alumina shows no such compound and indicates that a mix 
ure corresponding to this composition has a melting point consider 
ibly below the temperature at which these crystals were formed. 








Fig. 7 Typical Inclusions in Heat 15 Deoxidized with Aluminum. x 1000 
Fig. 8—Ferrous Aluminate Inclusion Fluxed with Excess Ferrous Oxide, Heat 
As-cast. &X 1000. 
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he best we can do at the present time, therefore, is to call these 
nclusions ferrous aluminate and leave to future research the task 
determining their exact nature. 

None of the inclusions found in any of the heats deoxidized 
vith aluminum showed any structural change on quenching, anneal- 
ng, or forging, indicating that all of the inqlusions have a rather 
eh softening temperature; for we have seen that oxide inclusions 
that have a comparatively low melting point are affected by these 


yperations. 
CIHROMIC ONXIDE-|LRON OnNIDE. (CHROMITE) 


Heat 19. Deoxidized with Ferrochromium. Fig. 10 shows 
the only type of inclusion that was found in this heat. These in 
clusions are characterized by their purple color and angular form, 
which is in agreement with the description given by Comstock (15). 
(he crystallinity of these inclusions indicates that their melting point 
is above that of iron. The same type of inclusions were found in 
ferrochromium and in chromium steels. As would be expected they 
are not affected by either quenching or annealing. Since these in 
clusions have a tendency to segregate into groups like alumina in- 
clusions, they form stringers on forging, although the individual 
inclusions are not deformed. 

Previous investigators have invariably called these inclusions 
chromic oxide. An examination of Fig. 10 reveals that the inclu 


sions are cubic sections. When examined in polarized light by the 


inethod described above they are found to be isotropic. They are. 


therefore, not chromic oxide, which is hexagonal, but chromite 
FeO -Cr.,O.), which is cubic. 


PETROGRAPHIC EXAMINATION OF SILICATE INCLUSIONS 


The determination of the optical properties of a transparent 
or translucent substance is not a tedious process once the proper tech 
nique is acquired. The methods have been developed by petrogra 
phers and are among the most important tools of the mineralogist. 

Hartmann (16) studied large inclusions with the aid of polar- 
ized light. These inclusions were readily visible to the unaided eye, 
most of them being stringers which were removed from forged or 
olled steels and were about two inches in length and three to five 
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Fig. 9—Ferrous Aluminate Inclusions (Crystals) Held Together by a Material Whose 
Nature is as Yet Unknown. Heat 18, As-cast, & 1000. 
Fig. 10—Chromite Inclusions in Heat 19, As-cast < 1000 
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undredths of an inch in width. It is evident that inclusions of this 
ize are rare and that Hartmann’s technique would not be very usetul 

the study of ordinary inclusions. Irom a piece of steel in which 
1) inclusion was embedded Hartmann machined a small plate or rod, 


ontaining the inclusion. ‘The separation of the iron was accom 


lished by the use ot chlorine. The steel containing the inclusion 


was heated at 500-000 degrees Cent. (930-1110 degrees Fahr.) in a 


chlorine atmosphere, the iron being volatilized as ferric chloride 


lhe residue was then heated in a muttle to remove the carbon. If 


the inclusion was sufficiently large a thin section was prepared, but 


if the particles were small or had been obtained by scraping, they 
were mounted in Canada balsam, sectioned and polished in the usual 
manner. ‘Lhe identification was made by comparing the slide contain 
ng the unknown inclusion with slides of known nonmetallic sub 
stances. 

Che following technique has been developed for the removal 
{ small inclusions and their petrographic examination. In orde1 
to be able to remove any particular inclusion that may be of inte1 
est for study it 1s necessary to have a proper tool. This is made 
by mounting a fine steel needle in the barrel of a watchmaker’s screw 
lriver. The needle point appears to be quite large under the micro 
scope; it is, therefore, necessary to grind the needle to an extremely 
fine point. A specimen is now examined under the microscope and 
small circles are drawn around a number of the inclusions that ap 
pear to be of the same structure. ‘The inclusions are removed by 
forcing the needle vertically into the steel at a point near the inclu 
sion. By holding the needle point in the hole formed it is a simple 
matter to dislodge the inclusion by moving the free end of the needle 
lownwards. If the needle is now moistened with oil the inclusion 


can be picked up and transferred to a slide on which a drop of the 


il (of known index) has been placed. 

When a substance immersed in oil is observed under the micro 
scope, a band of light appears at the interface between the oil and 
the substance. As the tube of the microscope ts raised this light band 

the Becke line) always shifts across the interface in the direction 
{ the substance of higher index. The index of refraction of the 
xtracted inclusion is determined by immersing it in liquids of known 
ndices and noting the movement of the Becke line. ‘The opera 
ion is repeated with different liquids until one is found with an in 


ex equal to that of the substance at which point the Becke line dis 
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appears. This method was found to be especially useful for th 
silicate inclusions that were not differentiated by the microchemica 
methods which will be described later. 

Ferrous Silicates. The inclusions in Heat 3 are gray in col 
and of the semi-glassy type. The irregular areas shown in the i 
clusions (Figs. 1 and 3) have an index of 1.47 which is very clos 
to that of quenched cristobalite. The index ot the groundmass 
somewhat greater than 1.74, indicating that it is very low in silic: 
The quenched and annealed specimens were not suitable for studi 
because the inclusions were nearly opaque. 


The refractive indices of the inclusions in the five heats de 









oxidized with ferrosilicon are given below. Indices were determined 
in the cast, quenched, and annealed states, the two latter being indis 
tinguishable. 





Index of Refraction 






















Heat No Type \s Cast Annealed Remarks 
3 Figs.1 and 3 (ground 1.74 at 1000° Cent. Low silica 
mass) opaque 
3 Fig. 1 (Precipitated 1.4 en Cristobalite 

particles) 
4 and 5 Fig. 4 Glassy 1.47-1.5( 1.47-1.50 Silica Glass 

6 Glassy Loo ‘55 Ferrous silicate 
glass 

7 Glassy 1.50 1.50 Ferrous silicate 
glass 

Glassy 1.50 1.50-1.52 Ferrous silicate 
glass 





The increase in refractive index in Heats 6 and 8 on heat treat 
ment denotes an imcrease in the ferrous oxide content of the glass 
This was indubitably the result ot a precipitation of silica, probably 
as cristobalite, which was further evidenced by a slight opalescenc« 
after annealing. The same devitrification was observed in Heat 3 as 
shown in Fig. 2. In this case, however, the inclusion after heat 
treatment was too opaque for a determination of its index. 
Manganese Silicates. Most of the inclusions in Heats 9 and 
10 contained irregular patches whose index was close to 1.49, indi 
cating that these portions are nearly pure silica. The groundmass 
of the inclusions had an index close to 1.72. The indices 
of refraction of rhodonite (MnO°SiO,) and tephroite (2MnO°Si0,) 
are close to 1.73 and 1.78 respectively. Ferrous silicates of 
an index of refraction of 1.72 would be nearly opaque and, 






since the inclusions in this heat are glassy, it is apparent that they 
are manganese silicates, probably containing rhodonite. Annealing 
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mpletely changed the structure of the inclusions and the index 
refraction was greater than 1.74, which was the limiting value 
or the oils available. The complex silicate inclusions in Heats 11, 
2. 13, and 14 were not suitable for studies because all of them were 
paque. 
SUMMARY 

\ series of melts was deoxidized with various elements in order 

study the types of inclusions formed. ‘The inclusions studied are 
nearly pure oxides. All of the inclusions were examined in the steels 
in the cast, quenched, annealed and forged conditions. A limited 
number of inclusions were affected by quenching or annealing. These 
were ferrous silicates low in silica and manganese silicate inclusions 
\luminate and chromite inclusions were not affected by any of the 
treatments. 

Small additions of silicon will produce ferrous silicate inclu 
sions, while larger additions of silicon produce inclusions that are 
nearly pure silica. Segregated portions of pure silica are found in 
highly fluxed inclusions whose total silica content is low. It has 
been further shown that precipitation of silica within these inclu 
sions occurs at 1000 degrees Cent. (1830 degrees Fahr.). 

From studies in polarized light it is concluded that the inclu 
sions formed when chromium is added to a steel bath are chromite 
and not chromic oxide. Similarly it is found that in steels deoxidized 
with aluminum the inclusions are ferrous aluminates whose exact 
composition cannot be stated with certainty. 

A method for the removal of individual small inclusions has 
been developed and a petrographic method has been suggested for 
the classification of silicate inclusions. The method is both rapid and 
accurate and is not open to the objections that are common to chemi- 
cal methods. 
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DISCUSSION 





Written Discussion: By C. E. Sims, research metallurgist, America 


Steel Foundries, Indiana Harbor, Indiana. 


It seems that the authors have made a fine start in the right direction t 


increase our fundamental knowledge of nonmetallic inclusions. Only by know 


But 


as shown here, even the simplest conditions give rather complex inclusions. 


One of the most valuable contributions of this paper is the confirmatior 


ol the apparent fact that deoxidizers, even the most powerful such as aluminum, 
do not completely reduce the FeO present in steel. This indicates the relativel) 
great importance of the laws of mass action as compared to stoichiometric pr: 

portions in the reactions of steel-making. 


Written Discussion: By Neil Metcalf, metallurgist, Treadwell Engineet 


Co., Easton, Pennsylvania. 


The authors spoke about the condition of the melts, or rather the deoxida 


tion products of these melts. 


| am interested in knowing the condition of the melts before deoxidation 


lor instance, if one is making say a 0.30 to 0.40 per cent carbon steel, different 
results would be obtained, depending upon whether the melt down was mad 
without adding ore, or whether ore was added, with subsequent boiling down t 
possibly 0.10 per cent carbon, followed by pigging back. 
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In the latter case the oxidation products formed during the melting have 
. better chance of rising and being out of the steel before adding the deoxidizers 
\ different type of deoxidation product would be expected in each case 
[his raises the question as to whether the primary oxidation products art 


ot responsible for more trouble than the deoxidation products formed by the 


iddition of deoxidizers. And with this in mind, whether the method of work 
ng the bath is not more important than the type of deoxidizer used, having 
reference to the cleanliness of the steel produced. 


Oral Discussion 


Dr. C. H. Herry’: I am going to take this opportunity to inject 
words on the condition ot the metal before deoxidation. 


a lew 
In 1926 we began to 
study deoxidation with silicon, and one of the first things we went after was 


the type of inclusions formed when silicon was added to oxidized metal. We 
wanted to find out all we could about the different silicates, and we made an 
open-hearth heat in a small electric furnace, getting the carbon way down so 
we would have plenty of iron oxide to react with the silicon and aluminum, 
and manganese, or whatever we used. The intent was to get as many inclusions 
as we could so as to study the physical properties of the inclusions. I always 
felt that we should have taken another series where the iron oxide content cor 
responded to a spring steel; we should have made at least three different tests, 
where we had highly oxidized metal in one, medium in another, and the third 
with very little iron oxide in it, because what you get of course depends on 
the ratio of the deoxidizer added to the iron oxide present at the time of the ad 
dition, and while you can similate that to some extent by raising the deoxidizer 
higher than you would in practice, still that does not always tell you the story, 
and we have found when we began to make hundred-ton heats that we had 
overlooked a very good bet in not throwing into our experiments at least a few 
ingots which were made from 0.15 to 0.20 per cent FeO metal instead of 0.40 
to 0.45 per cent FeO metal. I was going to bring that up and I personally 
hope that in Dr. Chipman’s continuance of this work he will take advantage ot 
the mistake we made to at least try to vary the iron oxide as well as the amount 
of deoxidizer added, because I think it will enable us to take a good many 
short cuts when we begin to work with these deoxidizers in practice. 

[ think this type of paper where we are studying fundamentally iron oxide 
and a single or double deoxidizer is intensely valuable. When we have built 
up an entire system of all the available deoxidizers and any new ones that we 
happen to have, we will really have a ground work on which to base our work 
| know that our silicon work in the laboratory was of the greatest help when 
we began to study silicon in the open-hearth, and on these other deoxidizers 
such as titanium, we should have the fundamental data on the deoxidizing 
reactions, which Chipman presented last fall, and the kind of deoxidation 
products obtained. Until we do get all the knowledge of those different sys 
tems we are going to have to cut and try in steel making just as they did in the 

irly work of the Bessemer process. 

Dr. JoHN CHIPMAN: In answer to the question and remarks, I will say 
that no ene realizes more fully than Dr. Urban and myself the :ncompleteness 


‘Metallurgical Division, Bethlehem Steel Co., Bethlehem, Pa 
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of the work which ts described Ihe fact that it 1s so incomplete is not due 
much to our desire to skim over it or touch it lightly, but to the fact that 
one were to make a complete study of such things, such a study might run int 
an exceedingly long period of years. Certainly there is a difference betwee: 
inclusions formed by the sudden deoxidation of a highly oxidized bath arn 
those inclusions which are formed in a final deoxidation ot a bath whose oxyge 
content has already been substantially reduced This difference we have m 
taken imto account in the present work, as all ot our specimens were formed by 
the addition of the deoxidizers to quite highly oxidized iron. That is to say 
the iron which was melted in an induction turnace was treated to increase it 
oxygen content and then the deoxidizer was added. We were doing exactly 
what Dr. Herty had done, striving to get an ingot that was just full of inclu 
sions, and we did 

Dr. Urban has prepared two or three more parts of this general study ot 


inclusions and we hope to be able to report on sulphide inclusions, oxide and 


sulphide inclusions, nitride inclusions, and on chemical etching methods fo: 


identification of the simpler types of tnclusions, following up the work so 


admirably begun by Comstock, Wohrman and others. 
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are concerned with qualities which are controlled to a larg 
extent by the method of deoxidation used during the man 
ufacture of the steel, and not by its ordinary chemical 
analysis. This paper indicates some of the variations in 
the physical make up of the steel as affected by the method 
of deoxidation and gives specific examples to show the 
effect of these variations on some of the properties of th 
product. Grain-size, hardenability, aging and wpact 
strength at low temperatures are used as ilustrations 






N 1926, various companies in the steel industry, represented by a 
| Metallurgical Advisory Board, began a co-operative project with 
the Carnegie Institute of Technology and the United States Bureau 
of Mines on the general subject of the “Physical Chemistry ot Steel 


\laking.”” The work was financed jointly by all three co-operating 














parties and its primary object was to obtain data on the chemical 
reactions which take place in the manufacture of steel and to study 
the effect of the chemical and physical reactions involved in_ the 
whavior of the finished product. On December 31, 1931, the Bureau 
{ Mines withdrew from the project and the other parties continued 
the work. 

\t the outset, the research program divided itself mto two main 
lines. First; laboratory experiments for the determination ot cet 
tain necessary chemical constants involving solubility of materials 
in liquid iron, melting points of various slag systems and physical 
characteristics of inclusion-forming materials. Second; experimental 
heats in open-hearth furnaces where results from the laboratory 
were translated into practical terms as rapidly as possible. ‘These 
two methods of attack were very easy to carry out simultaneously 


is the Bureau of Mines had as part of its equipment an excellent 






\ paper presented before the Sixteenth Annual Convention of the Society 
ld in New York City, October 1 to 5, 1934 rhe author, C. Herty, qi 7 
the time this paper was written was Director of Research, Metallurgical 
dvisory Board to Carnegie Institute of Technology, Pittsburgh. He ts now 

: sociated with the metallurgical division of the Bethlehem Steel Co. Manu 

z ipt received June 29, 1934. 
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electric furnace laboratory with various furnaces ranging in capacit 
from a few grams up to three hundred pounds and there were i 
the Pittsburgh District open-hearth furnaces of almost any size an 
almost every kind in which experimental work could be carried out 
The experunental work has been concentrated on the open-heart 
process and the following discussion refers to this steel-makin; 
operation. The results of the investigations have been published 
from time to time as Co-operative Bulletins of the Carnegie Institut 
of Technology, as Bureau of Mines Technical Papers and in th 
lechnical Press. 

To any consumer of steel the major interest in such a progran 
must necessarily be in the results of the steel-making process on th« 
properties of the product rather than in the technical details of th 
process itself. It is, however, impossible to discuss the first without 
some reference to the second and a very brief summary of the stee!| 
making process as we see it today should precede the discussion oi 
the product in this paper. 

In order for the producer of steel to meet the ordinary chemical 
specifications of the product it is necessary to perform a drastic 
oxidation of the metal. Such oxidation, carried out by means ot 
suitable slags, causes a partial elimination of carbon, manganese and 
phosphorus and an essentially complete elimination of silicon from 
the pig iron and scrap charged. At the time that the carbon and 
phosphorus are eliminated to the desired degree the metal contains 
dissolved iron oxide, the amount dependent upon a number of 
physical and chemical tactors. 

In order to meet the chemical specifications and to make an 
ingot from which a given product may be rolled with the minimum 
loss of metal, deoxidizers are added to the liquid steel, and the iron 
oxide content of the metal is reduced to an extent dependent on the 
amount and strength of the deoxidizers added. When these 
deoxidizers are added to the liquid metal their reaction with iron 
oxide results in the formation of tiny particles of nonmetallic matter, 
some of which have a slight but positive solubility in the liquid iron, 
whereas others are essentially insoluble. With these facts in mind, 
we must consider the metal entering the mold as containing iron 
oxide in solution, other oxides in solution, oxides in suspension, (and 
it should be mentioned here that the particles that make up these 
suspensions vary in size from those which are colloidal in nature to 


those which are large enough to actually float out of the steel) and 
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ACIL illoying elements to meet the chemical specifications. During the 
re 1 olidification period, some of the soluble materials become insoluble 
e an either through a change in solubility, resulting from a lowering of 
1 out the temperature, or by chemical reaction. At the same time some ot 
eart! the particles of the fine suspensions may either agglomerate or 
aking coalesce with the formation of larger inclusions, these being the basis 
lished for most of the particles seen when the finished steel is examined 
titut under the microscope. 
n the The laboratory studies mentioned previously were designed 
to determine the chemical reactions and physical constants involved in 
stam the steel-making process as described in the last paragraph. Among 
nthe the more important projects were first; the determination of the 
t the solubility of iron oxide in liquid iron over a wide temperature range, 
thout and the development of methods for the determination of iron oxide 
stee| in liquid steel; second; the determination of the melting point and 
on o1 relative fluidity of the slags which are formed from deoxidation 
products; third; the development of special deoxidizers following a 
‘mical comprehensive study of the common deoxidizers. In this work it 
rastic was, of course, necessary to include an extensive study of analytical 
NS Ol methods. 
e and The effect of change in chemical composition on certain physical 
from properties has been widely studied from the earliest days of steel 
1 and making. Such studies have led to a host of new products and most 
itains of the common effects of alloying elements are fairly well understood. 
er of It is only recently, however, that the effect of the steel-making process 
itself has begun to be investigated quantitatively. That steels of the 
ce an same chemical composition occasionally show widely varying proper- 
imum ties has been known for a long time. The steel melter used the 
: iron . general term “body” to indicate that certain steels or heats of steel 
mn the would give physical results which could not be obtained by other 
these steels of the same grade. During the period when “dirty steel” was 
iron the fad, much of the variation in properties of steels was attributed 
atter, to visible nonmetallic inclusions and there are good grounds to believe 
iron, that in certain instances this has been true.' Graham* recently dis- 
mind, : cussed steel quality from the standpoint of variations in the steel- 
iron making process with reference to those elements which are not usually 
(and shown by the ordinary chemical analysis. Most of the papers of the 
these = 
‘1H. E. Howarth, “Greenish Colored Markings in Steel Test Pieces,” Journal, Iron 
ire to 1 Steel Institute, No. 2, 1905, p. 30. 


"H. W. Graham, American Iron and Steel Institute Yearbook, 1932, p. 59-114 
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past decade on the properties of steel have omitted the deoxidati 


of steel as a variable 













(Going back to the concept of the condition of the steel enterin 
the mold and the reactions which take place during solidification, 
will be noted particularly that aside from chemical composition the: 
are nonmetallic elements in solution and in suspension and that th 
amounts of material in solution and the type of suspension are duc 
largely to the deoxidation methods employed. Let us conside1 
few of the properties of steel which might be affected by these sol 


tion and suspensions 


(JRAIN SIZE 


It is the general concept at this time that fine-grained steels ar 







the result of the presence of a fine suspension which furnish¢ 
nuclei for recrystallization during heating through the critical rang: 
Steels of the same grade will vary in grain-size as a result of th 


type of fine suspension present. For example, if a steel 1s deoxidize 







with silicon alone it will always tend to be coarse-grained and wil 
show a marked coarsening of grain when overheated. Aluminun 
killed steels, on the other hand, are almost always fine-grained and 
will not coarsen until a higher overheating temperature 1s applied 


than was the case in the original coarse-grained steel. This 






lustrated in Fig. 1, which shows a 0.19 per cent carbon silicot 
killed steel and a 0.15 per cent carbon aluminum-killed steel in the 


normalized and overheated condition. Steel AN (stheon-killed 





tends to be coarse-grained in the normalized condition and exhibits 
a marked grain growth when held at 1000 degrees Cent. (1830 
degrees Fahr.) for \“% hour. Steel SMA-15 (aluminum-killed) is 


very fine-grained in the normalized condition and shows very littl 










erain growth when overheated to the same extent as AX. In this 
instance we have a variation in type of suspension causing a marked 
ditference in a physical property of the steel and it might be empha 
sized that large variations in grain size may be obtained by th 


manipulation of deoxidizers to give various types of suspensions. 








RATES OF [RANSFORMATION 





[In low and medium carbon steels it has been shown* that thi 
rate at which ferrite is formed during the transformation of y t 
a iron is proportional to the grain area per unit of volume and 


"Reports to the Metallurgical Advisory Board, October, 1933 
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to the specific reactivity of the steel. Fine-grained steels obvious! 
transform more rapidly than coarse-grained steels on account \ 

the larger grain surface involved. However, if both fine- and coars: 

grained steels be overheated until they both have the same grain-siz 

the steel which was originally fine-grained will still have a high 

transformation rate than the originally coarse-grained steel. Thi 
higher transformation rate is presumably due to the presence o 
fine particles which act as nuclei for ferrite formation. In thi 
particular instance the specific reactivity 1s not as great a factor in 
rate of transformation as is grain-size, but the effect is nevertheles 
present and would undoubtedly cause some variations in certai 
properties which depend on the extent to which the transformatio: 
occurs. This subject of rate of transformation and specific reactivity 
is of the utmost importance in all heat treatments. In hardened steel 
for example, the two factors, grain-size and specific reactivity deter 
mine, for a given quenching procedure, the depth of hardening and 
the properties of the hardened piece. In this connection, the worl 
of Bain* should be mentioned, as it has been of extreme importanc: 
in showing how grain-size and alloying elements affect the rate oi 
transformation of a steel. 









IMPACT STRENGTH AT Room TEMPERATURE 
















In an investigation of the transverse impact strength of plat 
carbon steels® it was found that the impact strength is proportional! 
to the amount and composition of ferrite present. The amount oi 
ferrite present was a function of the grain-size and the specific 
reactivity and therefore directly influenced by deoxidation methods 
Certain factors such as banding and large nonmetallic inclusions 
were shown to cause a lowering of the impact value for a given 







amount and composition of ferrite and both these disturbing factors 
are of course traceable with certainty to the manufacture of the steel 














IMPACT STRENGTH AT Low TEMPERATURES 





Of considerable interest at this time is the question of low 
temperature impact strength of steels. There have recently been 











‘E. C. Bain, “On the Rate of Reactions in Solid Steel,”’ Iron and Steel Division, 
American Institute of Mining and Metallurgical Engineers, Vol. 100, 1932, p. 13. 
*M. W. Lightner and C. H. Herty, Jr., “Transverse Impact Strength of Plain Carbon 


Normalized Steels,”’ Cooperative Bulletin No. 59, Carnegie Institute of Technology and 
the Metallurgical Advisory Board, 1932. 
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lished a number of articles dealing with the low temperature 
pact properties of alloy steels. To illustrate the effect of deoxida 
m on the low temperature impact properties of plain carbon steels, 
able I has been prepared from an extensive investigation on this 
ibject, the material to be published in full later in the year. The 
four steels were made as follows: Steel 1, a rimmed steel deoxidized 
ith manganese only. Steel 2, a silicon-killed steel deoxidized with 
ianganese and silicon, (Steel AX of Fig. 1). Steel 3, a so-called 
semi-killed steel, deoxidized with manganese and a small amount of 
silicon and aluminum in the ladle. Steel 4, a dead killed steel strongly 
deoxidized with silico-manganese, (this material having been devel 
oped in the laboratory work referred to previously) followed by 
leoxidation with an excess of aluminum, (Steel SMA-15 oft 
‘ig. 1). The dissolved oxygen content of these ingots decreases 
with the order of the steels above. The impact tests were Charpy 
tests with an Izod notch as specified by the B. E. S. A. and the 
ee ee 


Table | 
Low Temperature Impact Strength of Plain Carbon Steels 


Charpy Impact Test with Izod Notch 


Testing Temperatures 
75 Degrees 40 Degrees 
Steel No Fahr. Fahr 


2.0 
19.0 
110.0 
Chemical Composition 
Pp S ; Al 
0.021 0.035 Nil 
0.023 0.041 Nil 


0.024 0.040 0.010 
0.011 0.029 . 0.030 


In this instance the effect of deoxidation is very pronounced. 
(he temperature at which the more rapid lowering of the impact 
value occurs decreases considerably with decreasing iron oxide con- 
nt of the steel. It has been shown in numerous instances that 
rtain alloying elements, such as nickel, lower this temperature, and 
is highly probable that by combining the proper alloying elements 
th the proper steel-making process unusually good properties at 

w temperature might be anticipated. 
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\GING CHARACTERISTICS 


\ very important property of steels is their change in physi 















properties after low temperature heat treatments or after cold 
formation. Certain types of steel embrittle readily following co 
work while others retain to a large degree their original ductilit 
Using as an illustration the four steels listed in the section abo 
the effect of deoxidation can be readily seen by an example 

quench aging and one of strain aging. For quench aging the ste 
were quenched in oil from just below the lower critical and allow 
to age at 30 degrees Cent. for two weeks. The Rockwell “B” har 
ness was taken immediately after quenching and at the end of tl 
aging treatment. For the strain aging the steels were normaliz 
and then compressed 15 per cent, heated to 450 degrees Cent. | 

five minutes and held at room temperature for one day. Izod impa 
tests were made on these steels before and after the aging treat 
ment. Table Il shows the results of these two of aging treatment 


Ss > 













Table Il 
Effect of Deoxidation on Aging of Carbon Steels 












hh egg CECE «TN 


Increase in Hardness Izod Impact— Foot-Pounds 
(Rockwell B) Before After 
Steel Ne After Quenching Strain Aging Strain Agi 
) 54.2 6 3 
7 442.5 14.4 ; 
+.¢ bed 22.9 
} l 85.3 






It will be noted that the change in hardness after quenching wa 
















the greatest in the steel which gave the greatest drop in impact afte: 
the strain aging and that the two sets of data are in every instanc 
consistent with respect to the two properties. I'urthermore, it will be 


noted that the order of resistance to aging is the same as the ordet 





of resistance to low temperature embrittlement. In this connection, 





IX“pstein® showed very strikingly the relative embrittlement of steels 





containing variable amounts of nitrogen which were the direct result 
of the steel-making process employed. 

The above illustrations show very clearly that for a given 
chemical composition, widely varying properties may be obtained by 
a variation in the method of manufacture of the steel and the stee! 
maker of today is very much alive to this phase of the steel-making 
problem. The steel industry has invested $130,000.00 in the work 


S. Epstein, ‘““A Study of the Embrittlement of Hot Galvanized Structural Stee |= 
Proceedings, American Society for Testing Materials, Vol. 32, Part 2, 1932 
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the Metallurgical Advisory Board, aside from the cost to the various 


es lants in which the experimental work has been conducted. A great 
old « leal of money is being spent in various committees with consumers 
ne < 2 numerous problems related to special properties such as creep, 
uctilit itigue, ete., and in these problems the effect of the steel-making 
aho process 1s being investigated. The important factor, oxidation of 
iple the metal, is not yet completely under control, but much progress 
e ste has been made along these lines in the past three years and the 
allow results obtained show the rapid strides by which the steel maker is 
» fae, ipproaching the solution of many of the problems with which both 
at he producer and consumer have been confronted in recent years. Fur 
mali thermore, it may be expected that with the information now being 
mt foi accumulated a much more intelligent attack on new problems may 
impact he anticipated 
r treat he aE 
DISCUSSION 
tinent nia) ‘ , 
Written Discussion: By H. W. Graham, general metallurgist, Jones 
d Laughlin Steel Corp., Pittsburgh. 
f In this short paper Dr. Herty has, as usual, made a contribution of value 
: lhe value in this case rests in the fact that the information presented is ration 
rr i ily in line with the conceptions which must govern steel-making methods as 
A\tter ‘ : . ‘ : s 
in Aging ipplied to the manufacture of a product of specific and intended quality. It ts 
a ° a most pronusing sign that metallurgists generally are proceeding in a con 
4.4 , 
22.9 tructive way to link the theory and practice of steel-making with the proces 
- sing requirements of fabrication and with the ultimate demands of conditions 
mn use 
eg The detailed data presented by Dr. Herty in this case point out the marked 
Oo wa ; he ag ; eres 
- effect of strong deoxidation with aluminum. In considering the attainment ot 
t alter a fine grain structure by the use of rather considerable quantities of aluminum, 
stance it is of both practical and technical interest to bear the following situation in 
ill be mind: A given combination of raw materials and steel-making methods tends 
Wil 
» order produce a natural level of grain-size and physical behavior characteristics 


ti ind it would be a mistake to think that two heats are in all respects alike 
1lect1on, ' ‘ ° ° op ° “se 
wherein the same grain-size is attained if there is an appreciable difference in 
2elC : ‘ ° 
| steel the amount of aluminum or other element which must be used. 


t result In other words there is in grain-size the same situation of “residual” and 
ie ‘added” effects which have long been recognized in the use of phosphorus and 
given it sulphur. The effect is sensibly different if it 1s wholly or largely residual as 
ad 4 compared to those cases where it is largely added. This comment merely 
ne y e goes to show what an intricate and complex business steel-making really 1s, 
le steel 7 ind to indicate that equality of grain-size or even grain growth characteristics 
naking } oes not necessarily mean absolute parity of all phases of quality. 
> work | Written Discussion: By John Chipman, Department of Engineering 
| Steel esearch, University of Michigan, Ann Arbor, Michigan. 
Steel 


Steel makers should be grateful to Dr. Herty for this clear and concise 
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demonstration of the marked effect which the method of deoxidation exer 
upon the properties of the finished steel. This is one of the most interesting 
the many practical results which have come out of this nicely balanced pr: 
vram of theoretical and practical research. 

Steel No. 4, otherwise designated SMA-15, is especially interesting as 
typifies the results of the silico-manganese-aluminum deoxidation practi 
developed by Herty and his co-workers. The completeness of the deoxidati 
of this heat may be judged from the following considerations. According to tl 
deoxidation diagram for aluminum reported a year ago, the equilibrium cor 
centration of iron oxide after deoxidation is calculated to be below 0.002 px 
cent | have analyzed several specimens trom this heat by vacuum fusion 
16050 degrees Cent. (3000 degrees Fahr.) and have found 0.0013 per cent oxyge: 
the lowest percentage | have ever observed in a low carbon steel. A larg 
part of this is accounted for as alumina inclusions so that the oxygen preset 
as FeO is certainly far below 0.001 per cent and the keQO, therefore, below 0.004 
per cent. A fractional analysis was conducted by the Reeves’ method at 1100 ck 
erees Cent., which is supposed to give the oxygen present as FeO. The result 
of this analysis indicated that the concentration of iron oxide was so low a 
to be undetectable As little as 0.002 per cent FeO could readily have be 
detected 

Dr. Herty is to be congratulated upon the development of a deoxidatix 
practice which really deoxidizes. 


Oral Discussion 

1. W. Kinear:’ Dr. Herty, | would like to ask whether, in your wor! 
on increased deoxidation, you have noticed any trend toward increasing sensi 
tivity in medium, high carbon or alloy steels of large cross sections? By this 
| mean steels that in subsequent rolling, forging or heat treatment have more 
strains set up than in the former more sluggish steels of the same chemical! 
composition, May we not, by increasing the speed of transformation, caus« 
troubles to our customers which they are not now having? 

S. L. Hoyr: It happened that it was my job during the war to make ob 
servations on the deoxidation of steel, as made in the open-hearth furnace and 
also the electric furnace practice. That work took me around to many of thx 
leading steel companies in this country, and naturally I took occasion to discuss 
this important phase of steel manufacture with everybody with whom I cam 
in contact, from the melter on the furnace, the metallurgist, to the metallogra 
phist in the laboratory, etc. While | had an extremely interesting time, such dis 
cussions did not unravel the mysteries which surround the processes of steel 
manutacture, particularly the deoxidation of steel. 

[ think it would be interesting to speculate on the likelihood of uncovering 
the facts which Dr. Herty presented in this brief paper by any such means as 
were available during that study in 1918 and 1919. On the other hand, the 
work which Dr. Herty and his associates have done in Pittsburgh has led 
directly to this type of information, and it seems to me that this paper which 
he has presented will occupy a really notable position in the publications which 
have issued from that work. It is couched in terms which are understandab\k 





Metallurgist, Homestead Works, Carnegie Steel Company, Pittsburgh 
Director of research, A. O. Smith Corporation, Milwaukee 





























exert 


ye 


ting « 


= 


Snead pitino ee 


d pri 


; as 

racti 

idatio: 

to tl 

h con 

()2 pel 

10n a + 

XVPeI 
large 

resent 

vy U.004 

OO de 

result 

low as 


e been 


idatic l 


“<? 


work 


sens! 


sy this 


» more 
emica! @ 


Cause 


ke ob 
ce and 
of the 
liscuss 
can 
llogra . 
ch dis 
f steel 


vering 

ans as 

id, the A 
as led 
which 
which 
ndable 





‘ 


d in fact any who are interested in steel metallurgy. 


DISCUSSION—DEOXIDATION OF S1 


FEI 


123 


ke to the open-hearth melter, the steel manufacturer, the plant metallurgist, 


Chis paper gives them 


means by which problems of this kind can be intelligently discussed, or which 


ives an intelligent conception of the problem. 


Al 


ie deoxidation, actually 


exhibit such fundamentally 


To 


me 


different 


it is truly 


amazing 


it steels of simple compositions, but subject to slightly different variations dut 


characteristics. 


Certainly, the difference in impact value which Dr. Herty reports at sub-zero 


temperature for steels which are essentially of the same composition and which 


would be used for essentially the same purposes, is very remarkable. 


In closing, I cannot fail to express my congratulations to Dr 


Herty upon 


eiving us this paper, brief though it is, and also to express the hope that in 


the future we may still continue to have the benefit of his experience and knowl 


edge in this important field. 


a: 


Jones > 


Dr. Herty has very clearly presented to us data of great 


significance to the producer of steel who is trying to get the most out of his 


product. 


The intormation that he has shown accounts for 


some 


ot the incon 


sistencies that have been experienced, but not understood or explained 


One such case from my own experience | shall present, which seems to 


he related to this effect: Pearlitic manganese steel of the following composition 


Carbon 0.34 per cent, silicon 0.38 per cent, manganese 1.44 per cent, made m 


in electri 


per ton added to the large tea pot ladle at the furnace 


c furnace 


ist with shank pots as follows: 


\.—No aluminum to shank pot. 


B.—j 
—, 


tlumimnum 


» 


) 


<- ounces 


) 


(acid practice ) 


ot aluminum 


was treated 


2 ounces of aluminum rod per ton 


per ton. as 


with 5 


ounces 


terroaluminum 


ot aluminum 


Test blocks were then 


(O60 per cent 


The blocks were then heat treated, tensile and impact tests being made ot 


specimens that had been given the treatment which follows : 


1. Normalized 


» 


erees Fahr. for 1 hour. 


1050 degrees Fahr. (held at temperature 40 minutes). 
2. Normalized—1650 degrees Fahr. (40 minutes) and drawn at 1225 de 


The tensile and impact values obtained are shown as follows: 


Normalized 
only 


Normalized 
and 
Drawn 





Tensile Yield 

Strength Point 
(5 oz. Aluminum per ton 06,000 56,500 
to large ladle) 
(5 oz. Aluminum plus 94,750 60,250 
32 oz. Aluminum per ton) 
(5 oz. Aluminum Jas 95,500 60,500 
32 oz. Aluminum ton 
as Ferroaluminum) 
(5 oz. Aluminum per ton 88,000 $8,750 
to large ladle) 
(5 oz. Aluminum plus 84,500 51,650 
32 oz. Aluminum per ton) 
(5 oz. Aluminum plus 83,500 51,500 


32 oz. Aluminum per ton 


as Ferroaluminum) 


Charpy 
Per Cent Red. Impact 
Klong ot (Ft 
In ¥ Area Lbs ) 
'bH.6 2 )R 
71.9 l 
be ) 19.6 
24.. l 20.3 
26.6 47 17 
6.6 1.0 1.0 


The metal with a minimum of aluminum yielded satisfactory tensile values, 
but poor impact resistance, with a straight normalizing treatment, whereas with 


SResearch engineer, Lebanon Steel Foundry, Lebanon, Pa. 
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though the ductility was less But with a draw tre 
malizing, the impact figures of A are raised to the 
prompts me to ask Dr. Herty what heat treatment 


test results of which are given in Table | 


Therefore, 1t would seem that there must be a 














of maximum ductility with high impact resistance. 
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to get Sims and myself at the same meeting, and 












































and they come out of solution during the process ot 




































































atment 


modicum of aluminum, it was desirable to have a moderate 


an excess of aluminum the impact values were about twice as 


oreal. «¢ 


following the 


level of B and ( 


was given thie 
Sims and Lillieqvist, in a paper presented at the February, 
of the A.I.M.E. in New York, emphasized the point that to 


ductility (elongation and reduction of area) in steel treated with more tha 


so that the steel unetched would show a random distribution of 


fully appreciated, and that holding the steel for 45 minutes in 


This then 


Spec liye 


1932, meet 


three years ago. I was not able to be present at the New York 


obtain ¢g 


- 


round in 


of aluminum (from 1% to 2 pounds per ton). They also developed the p 
that some of these nonmetallic inclusions are soluble to a degree that was 
the ladk 


allow the nonmetallics to rise to the surface did not yield steel that appear: 
balance between the ox 
leads to 
thought as to what the result in Table I, Steel No. 4 might have been. had t 


metal been deoxidized with only aluminum and not with silicon, manganes¢ 


dluminum. I would like to have Dr. Herty’s opinion on these points 


C. H. Herry, Jr (he paper to which Mr. Jones refers was given twi 


meeting 


that time, and since then on five different occasions various people hav« 


it just happens (pos 


cussion with our work thrown into it, that Sims believes that 


largely sulphides, because I believe that sulphides are soluble 1 


solidification. 


luckily for me) that if | am there he is not, so we never have been able to b 


the thing out. I get this decided impression from reading Sims’ paper and 


iron oxide conte 


ions instead of the chain-like sonims caught in the grain boundaries, and wh 


are typical ot over-reduced steel in the electric furnace treated with an exc: 


markedly cleaner than metal from the same heat poured after a few minutes 


1 


in the bath and aluminum to be added with respect to getting the combinati 


the inclusio 


} 
i 


It is inconceivable that a manganese silicate should be highly 


are soluble, and we agree with him perfectly provided he specifies that the) 


liquid 


soluble 


liquid steel, but when steel 1s deoxidized, the amount of sulphide and oxid 


houndaries as very small particles. There is one thing we do not know 


content of the steel is low, and if it is killed with silicon the MnO content may 
be quite high, so there is a good opportunity of MnO fluxing with the sulphid 
as they come out of solution. With a heat with no MnO, the sulphides wi! 
come out by themselves with no fluxing and they will be found around the gra 
an 
that is the effect of metallic aluminum in steel on the solubility of sulphide 
lor example, we know that if the manganese content of the steel is raised a 
entirely different type of inclusion results. A globular inclusion results if th 
manganese 1s up to 0.30 per cent. If it is 0.10 per cent manganese, a grail 


1 


boundary inclusion of iron sulphide results This is due to the change of solu 





















the steel is changed. If a heat is killed strongly with aluminum, the MnO 
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ty with temperature which, as the steel solidifies, causes the manganese 
phide to precipitate early enough to have a chance to flux The iron sul 
de it so soluble it comes out very late, resulting in a chain around the crystal 
luminum may have the same effect as manganese in changing the solubility 
the sulphide. It may be that when there 1s an excess of aluminum with 
little silica and MnO and no FeO there is nothing to tlux the sulphide 

at comes out. As far as | can see, one cannot pick any flaws in the thought 
at it is a combination of the fluxing of sulphide inclusions with keO, MnO 

SiO. or the effect of metallic aluminum on the solubility. Either one would 
<plain the situation in Sims’ experiment where he put tron oxide into a lad 
alf of which had been poured into a casting, and found that the half that had 
heen poured without iron oxide but with aluminum was very short and that the 
ther half had high ductility, indicates that either all metallic aluminum wa 
eliminated by the iron oxide addition, or enough FeO, MnQ and silica was 
formed after the elimination of aluminum, that there was a chance to flux thi 
sulphide inclusions. If you look in Sims’ paper and on the slides which he gave 
at the open-hearth meeting a year ago in June at Chicago (they are all published 

the minutes of the open-hearth committee) you will see that the inclusion: 
which cause low ductility gave every appearance otf being sulphides and not ox 
ides, because the globular inclusions were either typical silicates or typical man 
ganese sulphides, dark and light, but the inclusions around the grain boundaries 
were entirely a light gray. So I think Sims’ method of getting around low 
ductility is 100 per cent correct. I do not think his reasoning was right, but 
nevertheless he has the result. 

The specimens on which impact values are given were normalized at 1650 
degrees Fahr. (900 degrees Cent. ). 

Dr. Chipman’s analysis of the steel SMA-15 has been of great help in our 
onception of the action of aluminum in deoxidation. The fact that this steel 
had such small traces of FeO no doubt contributed largely to its properties as 
set forth in Tables I and II. 

Mr. Graham has brought up a very interesting point, in that some, at pres 
ent, indefinite factor, in the raw materials may well exert an influence on the 
hehavior of steel for a given method of deoxidation. A research program on 
this phase of steel-making would undoubtedly be of very great value to the pro 
ducer of steel. 

Dr. Hoyt’s remarks are very deeply appreciated. The results which he 
has shown on the metallurgy of welding, in another paper at this meeting, 
eem to fit in beautifully with those given in this paper. This indicates that 
any process involving liquid steel, and possibly iron, must be treated with 
the same fundamentals, a point which is worth keeping in mind. 

In answer to Mr. Kinear’s question may I say that we have done no work 
with these extremely fine-grained steels in very large sections, but we certainly 
can see that if the grain-size is fine enough (which will be somewhere beyond 
No. 8 by a fine enough dispersion of alumina and a low enough content ot 
oxide) a point would be reached where there are certain things that we do not 
inticipate now would happen. In other words, you could go too far in that 
direction just the same way that you did not go far enough 1 you used silicon 

itself. 





















































THE METASTABILITY OF CEMENTITE 
$y H. A. SCHWARTZ 
Abstract 


One who engages in an experimental verification of 
metastability of cementite may be accused of “rediscover- 
ing the obvious.” Since, however, this phenomenon has 
been seriously disputed on thermodynamic grounds by a 
metallurgist of repute, and since also data as to the CH,-H 
equilibrium with Fe,C have been published by highly 
skilled observers which are inconsistent with such meta- 
stability, a formal experimental treatment of the problem 
seems called for in order that an error, in either direction, 
may not be perpetuated. 

It 1s shown below that in an iron-carbon alloy con 
taining also 0.03 per cent silicon and not over 0.04 per cent 
of other elements, the reaction 

‘eC = 3 Fe +C 
proceeds to the righi at all temperatures from 630 degrees 
Cent. (1165 degrees Fahr.) to above the eutectic melt- 
ing potnt. 

The A, stable critical point is found 15 degrees Cent. 
(2/7 degrees Kahr.) above A, metastable in this alloy. 


INTRODUCTION 


HE earliest iron-carbon diagrams of Roberts-Austin and oi 

Roozeboom included an area below the eutectic freezing point in 
which graphite was considered to be stable while below this area, 
which was perhaps 100 degrees Cent. (180 degrees Fahr.) or mor 
wide, cementite was supposed to be the stable phase (1) *. 

Very soon the opinion gained ground that the system Fe-C was 
always stable toward the system Fe-cementite in the solid state at 
least. The conditions are commonly represented by a “double” dia 
gram in which the eutectic and eutectoid temperatures are higher in 
the Fe-C system than in the Fe-cementite system and the A,, line is 
to the left of the A,., line. 


*The figures appearing in parentheses refer to the bibliography appended to this paper 


\ paper presented before the Sixteenth Annual Convention of the Society) 
held in New York City, October 1 to 5, 1934. The author H. A. Schwartz ts a 
member of the society and is manager of research, National Malleable and Stee! 
Casting Co., Cleveland. Manuscript received June 15, 1934. 
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THE METASTABILITY OF CEMENTITI 12, 


Very lately Yap, Chu Phay (2) has put forward on thermo 


namic grounds the thought that cementite is stable at tempera 
res considerably below the eutectic melting point but above say 
OO degrees Cent. (1290 degrees Fahr.). His reasoning is based or 
calculation of the free energy of the reaction 
3 Fe + C & Fel 
it various temperatures, and 1s, in principle, apparently unassailabk 
(he quantitative magnitude of this free energy and even possibly its 


igebraic sign will depend upon the data used in the calculation which 


includes the specific heats of iron (in the proper allotropic form), 
vraphite and cementite ; the heat of formation of cementite at some 


one temperature and the free energy of the reaction at some one 


Unfortunately, the authorities do not agree 
upon certain of these constants within differences which may very 
creatly affect the result of the calculation and hence determine the 
temperature where, if at all, the calculated free energy changes sign 
Yap chose what he believed to be the most reliable data but at one 
point this involved a decision between a heat of formation per gram 
13,000 calories and one of about —4000 


alories so that the correctness of his conclusions hinges in large part 


molecule of Fe,C of about 


upon his skill in choosing, on not very clearly established grounds, 
hetween rather inconcordant data. One is even prone to wonder 
whether any of the data available to him are sufficiently beyond ques 
tion to permit of unqualified acceptance of his or any other results 
\s a parallel problem consider that the best available data for the 
specific heat of a, y and 8 irons do not satisfactorily account tor both 
the A, and A, points (3). 

It appears worth while therefore, to consider whether there may 
not be more direct evidence as to the validity of his conclusions. It 
has been maintained (4) that in the liquid state iron-carbon alloys 
ontain the latter element mainly as cementite. A temperature range 

which cementite is stable in the solid should therefore have a lowe 
boundary marked by a discontinuity in temperature change on cool 

Such a discontinuity has been observed by Carpenter and Keel 
ing (5) for instance, but usually disregarded in later diagrams. 
ohansson and von Seth (6) have lately shown that the equilibria 


the reactions 
C + H, & CH, and Fe;C + Hs @ CH, + 3 ke 


tersect at two temperatures, one by extrapolation near the eutecti 
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melting point and the other at about 900 degrees Cent. (1650 degr: 
Kahr.) in such a manner that cementite should be stable in ¢ 
interval. 

The greatest difference between the equilibrium gas mixtu: 
for the two reactions in this range is about 5 per cent CH, in ga 
containing about 1 per cent of that gas. The temperatures of int 
section are thus not very sensitive to the method of attack ey 
though Yap’s assumption is qualitatively confirmed. Schenck (7 
on the other hand, reported no such crossing of gas equilibria 
though there is a faint indication of a possible reversal in sign of , 
at about 950 degrees Cent. (1740 degrees Fahr.). 





[It would appear that the simplest check upon Yap’s conclusi 
and hence upon the (net) accuracy of his data should be found 
direct experiment to determine whether as a matter of observatio1 
fact, in approximately pure iron-carbon alloys graphite can, or ca 
not, be converted into cementite or vice versa at chosen temperatur: 
The overwhelming experience of the malleable industry that grap! 
tization goes on at temperatures far above those in which cementit 
now said to be stable must be set aside for all these alloys contai: 
very large amounts of silicon. The writer has elsewhere (8) touch 
upon the inconclusiveness of data obtained by extrapolation to ze 
silicon of data obtained in his own laboratory. Data obtained at ver 
low silicon contents in the presence of significant amounts of othe 
elements must also be rejected especially since the observations wer 
made at temperatures sufficiently low so that a slight change in Yay 
data might have put them outside his range of cementite stability 

We propose to gather facts which will determine directly whethe1 
or not the graphitizing reaction proceeds in the direction of combina 
tion of carbon at any such temperatures as h. ’e been suggested and 
especially near 1000-1050 degrees Cent. (1830-1925 degrees Faht 
where Johansson and von Seth’s observations suggest that it is most 


likely to occur. Incidentally, we wish to gather such facts as we cat 





regarding the iron-carbon system in general. 


EXPERIMENTAL METHODS 


It was intended to use the purest iron-carbon alloy which cou! 
be made and completely graphitized. We have reported elsewher 
(9) data tending to show that Armco and electrolytic iron melted 1 


Acheson graphite in high vacuo do not graphitize well below A 
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\ new method of preparation was adopted which, although it did 
improve on the purity of the alloy, was found to give graphitizable 
vs. Armeo iron was dissolved in HCl to remove sulphur and 

me phosphorus perhaps. Manganese was precipitated in HNO 
lution with KCIO,. [ron (and Al) were precipitated with NH,OH, 
e precipitate redissolved in HNO,, evaporated and ignited to Fe,Q,,. 


his was partially reduced to Fe in H, possibly with removal of any 


residual sulphur and then fused in an Acheson graphite block in the 


\rsem furnace at a pressure of a few millimeters of mercury. We are 
ndebted to Robert McLane for the carrying out of this preparation. 
The form of the resulting 80-gram ingot can be judged from Fig. 
It is significant as will be pointed out later. The ingot was sealed 


nto a hard glass tube at a pressure of less than 1 micron through 


the kind co-operation of W. P. Sykes of the General Electric Com 


inv and was heated 2000 hours at about 650 degrees Cent. (1200 


degrees Fahr.). The tube had collapsed tightly on the specimen. The 


analysis of the material was as follows: 


Table I 
Analysis of Material Used in These Tests 

ee 5.07 
Si 0.03 
S 0.014 
Mn Trace 
Al <0.02 
c; Trace 
P 0.005 
Cu None 
Fe 94.8 

Error and undetermined 0.061 


[he error may well reside in the iron and carbon determina- 
tions. There appears to be no reason to suspect the presence of de 
ctable amounts of elements not looked for. Nearly all iron samples 
ntain undeterminable traces of Ti and Mo which, though not 
ecifically looked for, can hardly account for more than a very tew 
ousandths of 1 per cent of the alloy. 
\llowing for such traces and for the amount by which aluminum 
phosphorus may be less than the possible maxima (the least 
ntitatively measurable amounts on the sample taken) it seems 
e to say that the total impurities in the alloy lie between 0.05 
| 0.07 per cent. By trace is meant an amount qualitatively detec 
by color methods but undeterminable quantitatively. It may be 


hly appraised at a few thousandths of 1 per cent. 
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Photograph of the 80-Gram Ingot Used in Making these Investigatior 


and 3——Photomicrographs of the Material Before and After Treatment 


lhe carbon content, not used in subsequent calculations, 1s 


subject to the errors of sampling occurring in so highly graphiti 


material The iron determination includes the identical sampling 
error, Neither determination can be guaranteed as to the absolut: 
accuracy but their sum 1s probably free from sampling errors. 

Since the amount of material was limited, analyses could not b 


made on samples of desirable size. It is likely that the values are 














e absolut 


uld not be 
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ervatively high. Untortunately, the purity of the material was 
ncreased over what might have been obtained by simpler methods 
Photomicrographs of the material before and after heat treat 

are shown in Figs. 2 and 3. It is evident that the specimen is 
iphitized to completion by the heat treatment chosen Che flaky 
iracter of the graphite should be noticed. 

Critical point curves were run on Leeds and Northrup equip 
ent to determine the relative displacement of the A, stable and 
etastable points. As has been frequently done in this and othe: 
iboratories, the displacement was evaluated from the change in the 
urves obtained on the first and second heatings. Fig. 4 reproduces 
the autographic record made by the apparatus in that region in which 


ve are interested. 







To 900°C. 


oS 
7st. Cycle 
End. Cycle 






lh 


Fig. 4—-Reproduction of Autographic Record Made by 
the Apparatus in that Region Which ts Discussed 


Che remainder of the experimentation consisted in a series ot 
cat treatments of the parent material in order to determine the direc 
tion and completeness of the graphitizing reaction as a function ol 
temperature in the range from somewhat below A, where there is 
igreement that pure cementite is metastable to as near the eutectic 
reezing point as we might approach. 


Since there was occasion also to study these phenomena in the 


WOON AMES Em 
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ictal in an approximately graphite-free condition it was necessary 
remelt and cool quickly a portion of the material 





Milings of the metal were introduced into a cup in the vertical 
bon electrode of a projector arc lamp, quickly fused tor perhaps 


or two minutes and the resulting bead shaken into water with 


ica DN a enc 


Fig. 5—Structure of Bead After Water-Quenching from the Melt. 
Fig. 6—Structure of Bead Quickly Cooled with Electrode after Current was 
terrupted. X 100. 


out breaking the arc, when possible; Figs. 5 and 6 show the mict 
structure of the resulting beads two or three millimeters in diameter, 
the former water-quenched, the latter, which would not shake out, 
cooled quickly as the electrode cooled when the current was inte1 
rupted. 

To avoid the contaminating effect of air and also to keep the 


rroduct hypereutectic a further lot of filings was remelted in the 
| 3 


apparatus shown in Fig. 7. The inner special crucible was machined 
from Acheson graphite. 

Crucible and contents were water-quenched after the contents 
were molten and still covered with a thick layer of powdered graphite 
Fig. 8 is a micrograph of the resulting slug. It consists of a matrix 
of very fine ledeburite with here and there large thin flakes of (pro 
eutectic?) graphite. Some needles of proeutectic cementite were also 
encountered though none are shown in the photomicrograph. 

Two methods of heat treatment suggest themselves. That du 
to Rosenhain in which the specimen is quenched in a stream of water 
sucked by vacuum through the hot furnace tube has the merit 
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preserving as nearly unaltered as possible the condition at the 
ment of quenching. Our heat treatments are frequently quite 
ng and the satisfactory exclusion of air presented difficulties. Fill 
¢ the apparatus with (tank) nitrogen at a slight positive pressure 
was not always more satisfactory, involving decarburization by im 
purities in the gas or perhaps by water vapor, since for purposes of 
ontrol the gas was stored over water. This decarburization became 
{ considerable interest when attempting to correlate our data with 
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Fig. 7 -Sketch Showing Method of Melting Filings to Keep 
them Free from Air Contamination. 


others in the course of the Ag line, a subject to which a separate 
section will be given. 

Specimens sealed in quartz tubes of 2 to 4-millimeter bore at a 
pressure of about 1 millimeter of mercury can be heat treated for any 
reasonable time without significant decarburization. They can be 
cooled fairly rapidly by quenching or even in air on removing from 
the furnace. To attain this result, however, the specimens must be 
very small which makes impossible any analytical work by the usual 
methods. Where the mere direction of action is to be determined 
this is of little consequence for metallographic methods often suffice. 

These limitations prevented our adding any data of importance 

) previous investigations as to the locus of the A,, line. For the pur- 
ose of qualitatively testing the Yap thesis it was always possible to 
hoose one or the other method of heat treatment and obtain the 
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IX PERIMENTAL DATA 


We assemble here all of the observational data on heat treat 
samples. The significance of the apparent diversity of treatment 
data and methods will appear more clearly in the subsequent discu 
sion of the data in a separate section. The numbering is practical 


in chre nological sequence, 


sv permment 1 

Specimens of the completely graphitized material were seal 
into quartz tubes under diminished pressure and heated at a ten 
perature between 1025 and 1050 degrees Cent. (1875-1925 degre 
ahr.) for about two hours and about 200 hours. This tempera 
ture is so high that specimens of slender form held the longer tim: 
tend to become ellipsoid in shape under surface tension. 


The depth of color obtained on dissolving these materials i 





LINQ, as in the usual color method for combined carbon was com 


pared with the following results. 














Table Il 
Color Intensity When Dissolved in Nitric Acid 








lime at 1025-1050 


Degrees Cent Relative Intensity of Color 
1.95 hours 1 (taken as standard) 
196 hours 0.85 


We do not regard these results as absolute measures of combined 













carbon. Figs. 9 and 10 are photomicrographs of these specimens 
Che white constituent is identified as cementite (proeutectoid ?). 
The relative amounts of cementite and martensitic matrix were 
determined by the intercept planimeter at magnifications such that a 
comparably coarse structure was given for each specimen with the 
following results. 






Table Ill 
Relative Amounts of Cementite and Martensite 


Time Heated Per Cent Cementite 
1.95 hours 25.34 
196 hours 21.97 





We cannot be certain of the carbon content of either the ce 





mentite (10) or martensite hence not of the total metallic phase but 
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Photomicrograph of Slug Melted as in Fig. 7 100 
Figs. 9 and 10 Photomicrographs of Specimens Treated as in Ext 
200 Fig. 10 & 100. 

Fig. 11 


veriment ] Fig 
Photomicrograph ot Specimen Treated as in Experiment Oo 
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it would seem likely that they should be at least similar in the tw 


preparations. 


Isa periment 

Specimens of the material were sealed into quartz tubes at low 
pressure. One tube was introduced into a turnace at 823 degre¢ 
Cent. (1515 degrees Fahr.) (in terms of the same couple used for 
drawing the critical point curves), the temperature was lowered t 


—->) 


the range 732-739 degrees Cent. (1350-13600 degrees Fahr.) and the 
second specimen introduced and the temperature range maintaine: 
for one and one-half hours when both tubes were withdrawn and an 
cooled on an iron plate. Neither specimen showed any pearlit 
l‘ither this temperature is below both Ar, and Ac, stable or th 


vraphitizing reaction just below A, 1s extremely rapid. 


Ikvperiment 3 

Hlalf of each of the two beads resulting from the remelting of 
the material in the open are were sealed into an evacuated quartz 
tube introduced into a furnace at 1015 degrees Cent. (1860 degrees 
ahr.) reaching the furnace temperature in about three minutes 
he temperature was maintained near 1000 degrees Cent. (1830 de 
erees Kahr.) for one hour and the tube and specimens raked out and 
quenched in water. Perhaps one minute may have been occupied in 
quenching. The specimens had remained perfectly bright. Photo 
micrographs are shown in Figs. 11 and 12. The former is the 
specimen quenched in water from the are and is comparable with 
hig. 3. 
kaperiment 4. 

\ second portion of the water-quenched specimen, sealed in an 
evacuated quartz tube, was heated at about 715 degrees Cent. (1320 
degrees Fahr.) for 99% hours, quenched and examined metallo 


graphically. A micrograph is shown in Fig. 13. 


KE avperiment 53, 
A portion of the crucible remelted material sealed into quartz 
was heated near to but just above A, for 232% hours. The result 


ing microstructure is shown in Fig. 14. 


Kkxperiment 0. 


\nother specimen of the same fusion was heated in vacuo, 
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sealed into quartz for 50 hours at approximately 1090 degrees Cent 
(1995 degrees Fahr.). Unfortunately, owing to failure of the fu 
nace winding it cooled to beiow the critical in perhaps one hour it 
stead of a fraction of a minute as by quenching. Its structure 


shown in Fig. 15 showing the entire disappearance of cementite. 


Experiment 7. 
\ specimen of the original metal heated for two hours at 106 
degrees Cent. (1940 degrees ahr.) in the Rosenhain apparatus an 
) 


quenched contained about 1.32 per cent combined carbon and ar 


excess of graphite. 


Ie vperiment 8, 

Specimens of the original metal heated over night at 795 degre« 
Cent. (1465 degrees Kahr.) and two hours at 875 degrees Cent 
(1605 degrees Fahr.) showed no hardening on quenching although 


the latter showed under the microscope a few martensitic spots. 


Iex periment Y, 

\ specimen otf the original metal heated by the Rosenhain 
method for 434 hours at 940 degrees Cent. (1725 degrees Fah 
contained 0.08 per cent combined carbon in the presence of exce 
eraphite 


Kkeaperiment 10. 

A specimen of the re-fused material sealed into a quartz tube at 
diminished pressure and held for two hours at a temperature of 1120 
degrees Cent. (2050 degrees Fahr.) and cooled had the structure 
shown in Fig. 16 which shows clearly the further precipitation of! 
graphite. 


Iv permment 11, 
\ specimen of the material remelted in the crucible and sealed 

into a quartz tube at diminished pressure was raised to a temperaturé 
of about 1050 to 1100 degrees Cent. (1920-2010 degrees Fahr.) fo1 
sa 


on 


a few hours, cooled in 24 hours to about 830 degrees Cent. (15 
degrees Fahr.) in which range it was held for about 50 hours and 


removed. Its microstructure is shown in Fig. 17, the matrix being 


approximately pearlitic in which massive carbide and graphite are 


embedde d 
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vperiment 12. 

\ specimen of the original graphitic material was sealed into 
tube at diminished pressure and held near 830 degrees Cent. (152 
degrees Fahr.) tor about 650 hours showing after removing in th 
usual manner involving cooling in a minute or so, the pearlitic 
sorbitic structure of Fig. 18. The specimen contained O.81 per cent 
combined carbon, by color, bemg too small tor analysis by combus 


tion for total carbon and graphite 





DISCUSSION OF ILXPERIMENTAL DATA 







\dmuttedly the alloy is not as pure as could be wished. It seem 
likely that the sigmificant amount of silicon and the possibly very 
small amount of aluminum, tor which we know only an upper limit 
as well as the small sulphur content, have been picked up during the 
melting operation. It is generally recognized that in preparing very 
pure iron, tusion is to be avoided, a precaution which cannot her 
be considered in view of the need of securing an alloy whose com 
position is consistent with the presence of considerable eutectic ce 
mentite should that phase prove stable. 

\WWe can scarcely say whether an alloy approaching purity no 
more closely than does ours offers a satisfactory approach to a pure 
binary system for the present purpose; t.e., whether its cementite i: 
neither more nor less stable than that of an absolutely pure binary 
alloy. We can, however, form some opinion as to whether its thet 
mal properties are likely to ditfer in an observable degree from thos« 
of pure iron 

Calculations such as Yap’s involve consideration of specific heats 
and of heats of combustion. Since specific heat 1s an atomic function, 
it seems most unlikely that the specific heat of silicon dissolved m 
iron can differ greatly from its specific heat dissolved in cementite 
If it is dissolved in iron even in the presence of cementite then 
its specific heat is obviously not at all altered by graphitization 
Cherefore the differences in specific heat between Fe.C and a me 
chanical mixture of its components would be altered very little by 
the presence of silicon in solution once in cementite and then in iron 
Chis coupled with the small concentration of silicon would seem 
sufficient reason for assuming that the slight impurity present 
(mutatis mutandis for the elements other than silicon) would not 


alter AC, for the graphitizing change by an amount detectable by 
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ven. very good calorimetric work. Further, the present alloy is 
comparably purer than the material used by Umino (11) in his 
undamental researches on the specific heats upon which we must 
lepend tor AC, 
The heat of formation ot Fe,C is derived for the present pur 
ose by considering the difference between the heat of combustion 
le.C and of its components. 
lf the siheon (or other tmpurity) be present in the same 
molecular state before and atter graphitization it will obviously not 
itfect the heat of formation, AH, of cementite. If it were originally 
4 constituent of cementite, (in solution or combination), then its 
release irom cementite may involve the evolution or absorption of 
heat. The heat of solution of metals in other metals is probably not 
ereatly different in ditterent solvents, being at least similar in magni 
tude to the latent heat of fusion, a fact pointed out for Fe,C by 
Yap (2). 
(he heat of combustion of silicon dissolved in iron and in ce 
inentite should therefore be very similar. If the silicon be present as 
the same compound (in solution) in iron and the carbide instead of 
as the atom, the same reasoning holds. 
the heat of combustion of silicon to SiQ, is given in round 
numbers as 191,000 calories per gram atom or approximately 7000 
calories per gram. One gram molecule of cementite contains 108 
erams of iron which would in our alloy be accompanied by 0.0003 
los 05 grams of silicon whose heat of combustion would be 
350 calories. Making no allowance for a possible diminution of this 
value by the heat of formation of silicides, which if present are 
almost certainly exothermic and would thus reduce the correction, 
the heat of combustion of one gram molecule of cementite having 
our silicon content would be 350 calories greater than that of the 
pure substance. This is about 2% per cent of the heat of formation 
determined by Brodie, Jennings and Hayes (12) and accepted by 
Yap. These workers in three reported determinations obtained 
76.7, —79.3 and —70.7 for the constant in question. They thus 
vot values differing by 5 per cent or more from their own mean. 
Furthermore, since they also started with Armco iron and fused 
n the presence of graphite, their chance of contamination was about 
the same as ours and their data should, therefore, apply in the present 


ase with no perceptible error. Unfortunately, they did not report 


ictual analvses of their cementite for other elements than iron and 
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carbon hese two totaled exactly LOO per cent but they themsel vy: 
rightly pointed out that this agreement did not preclude the presen 
of some few hundredths of 1 per cent of impurities. To attempt an 
prediction as to the effect of the existing impurities on the tr 
energy of formation of cementite would be to preyudge the issue 

he shape of the ingot, shown in Fig. 1, shows very clearly tha 
an expansion took place between the time of solidification of th 
outer shell and the interior. 

(he extrusion of a drop, here observed, does not occur wit! 
pure iron or steels or with white cast irons. It seems reasonable 
suppose, therefore, that it represents the increase of volume due 1 
vraphitization Che graphitization of a solid shell cannot exe 
pressure upon the liquid interior for the increase in circumference 
due to expansion would more than counterbalance the increase 1 
thickness (unless the thickness equals the outer radius when no liqui 
remains ) 

It is commonly accepted that liquid cast irons contain thei 
carbon preponderantly as cementite. It then cementite is to be stabk 
in the liquid phase but hypereutectic alloys graphitize during treezing 
it seems not unlikely that the solid cementite of the alloy is doing 
the graphitizing, 1.e., that solid cementite 1s metastable above about 
the eutectic temperature. 

Che micrograph of the as-cast alloy, Fig. 2, suggests strongly 
that its graphite flakes grew in a material which was either liquid o1 
at any rate so plastic as to indicate a temperature but little below the 
eutectic freezing point. This is not to say whether or not this 
metastability is continuously maintained to the temperature of about 
650 degrees Cent. (1200 degrees Fahr.) at which this alloy was com 
pletely graphitized as shown in Fig. 3. 

he existence of combined carbon in the as-cast specimens ts 
not to be interpreted as proof of the existence of a zone of stability 
for cementite as Yap (12) concludes from Sanford’s magnetic detec 
tion of pearlite in reheated and cooled malleable. The separation ot 
pearlite during moderately slow cooling of malleable from above A, 
is so well known as not to require further proof. If a stable solid 
solution saturated with carbon in any form is cooled too rapidly to 
maintain equilibrium, especially in passing through A,, the excess 
carbon may well crystallize as pearlitic cementite even if that be not 
the stable phase and if the cementite was formed only at the moment 
of erystallization 
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It is a general rule (called by Tammann, Stutenregel) that, i 
veral phases are possible ditfering in stability, a super-cooled solu 
in deposits first the least stable. hus the presence ol pearlite 1 

alloy or in malleable when super-cooled would seem an evidence: 
metastability of cementite rather than of stability 

Che metal remelted under the protection of graphite such a: 

hat in which it was originally melted in vacuo will graphitize quite 


lowly near A,. This temperature is probably low enough to be in 


the temperature range in which cementite should be metastable ac 


ording to Yap and is certainly so as compared with the Johannsen 
ind von Seth observations. The temperature is, perhaps, 75 o1 
100 degrees Cent. (135-180 degrees Kahr.) above that at which the 
muplete graphitization of the original ingot was accomplished 

lhe specimens remelted in the are represented by Figs. 5 and 
seem on microscopic evidence to be hypoeutectic, not hypereutes 
tic, like the original alloy. The explanation les in the probabl 
loss of graphite while preparing the filings. On such minute spect 
mens it is, of course, impossible to demonstrate that no changes ot 
composition have been caused during the melting operation. Some 
xidation is not impossible even though the “hearth” of the miniature 
furnace was completely enveloped by the carbon vapor of the ar 

Chis hypoeutectic alloy seems incapable of graphitization (ex 
periments 3 and 4), and is, therefore, rejected for turther use as 
not being comparable with the original graphitic material or the re 
melt under graphite. 

The major part of this investigation represents efforts to ob 
erve the direction of the graphitizing reaction at various tempera 
tures. It is accordingly not essential to know the temperatures with 
xtreme precision especially because in long treatments some tem 
perature variation is unavoidable. The temperatures were meas 
ured with a platinum, platinum-rhodium thermocouple whose erro) 
on direct comparison with standard couples was about | per cent 
Keadings were taken, however, not with a potentiometer but with 
in instrument of the milliammeter type whose temperature scale did 
ot correspond to the thermocouple. The couple and indicator wer 
ccordingly calibrated together by comparison with two thermo 

uples of known e.m.f. read by an lL. and N Type W potentiometer 
he working thermocouple had its cold junction maintained at 0 
gree Cent. by immersion in mercury wells in a thermos  botth 


led with melting ice. Readings could be taken to the nearest 5 
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lO degrees C cnt 


involve 


as much as 10 degrees Cent. 
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O30) cle vices ( ent 


in the orien 


Val 


readings except as applying to the 


preparation 


In general, a pr 


is to be understood as applying to 


A, point’s locati 


The | 


demonstrates | 


tion proceeds in the direction of graphite formation. 


(11605 degrees Kahr.) the graphitizing re 


experiment | is considered to demonstrate that at 1025 to 10 


degrees Cent 


(1875-1925 degrees Kahr.) graphite dissolves in gamu 


iron but saturation is reached in about two hours and subsequi 


exposure does not produce massive cementite as it should if lee 


were stable at this temperature 


he apparent decrease in agraphit 


carbon with continuing treatment is not considered sigmiticant 


IS assumed 


that 1 
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S real but 


hot 


that 


the color carbon and met: 


lography are both atlected by differences in the completeness ot} 
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Ing rates 
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lexpermment 
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shown metallographically, cementite will « 


experiment 6 demonstrates this dissociation at 


Cent 


be asserted that all the graphitization occurred during cooling 


( 1995 degrees 


leahr.), 


though not unequivocally. 


1) 


il 


LO90D degre 
It 


5 demonstrates that at a temperature just aboy 


is no other evidence of such rapid graphitization at similar tempera 


tures and the assumption may be sately discarded. 


experiment 


to be touched upon in the next section. 


Ikxperiments 8 and 9, 


is a quantitative elaboration of 


in wl 


ich 


the 


presence 


slow solubility of carbon in iron in the gamma range. 


ot 
atmosphere may play an important part, demonstrate the slight o1 


experiment 


the moist 


Ixperiment 10 demonstrates the dissociation of graphite at 11. 


degrees (ent. ( 2050 degrees ahr. ). 


IXxperiment 11 demonstrates that graphitization has progress 


at high temperature or at 830 degrees Cent. (1525 degrees Fah 


to a considerable degree but certainly not rapidly at the latter ten 


perature, 
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prec) es not re-form at 830 degrees Cent. (1525 degrees Fahr.) in a 
eratu ry long time. 

a pre \We seem thus to have observed cementite to dissociate at the 
iy to lowing temperatures : 

locati \bove the eutectic melting pomt, at 1120, 1090 degrees Cent 
‘he h 1050-1995 degrees Fahr.), just above the critical point, and at 
tes tl 10 degrees Cent. (1165 degrees Fahr. ). 

iy re; We have failed to observe the tormation of cementite from 


raphite and iron except in such forms as would occur during the 


to 10 voling of supersaturated solution coming under the “Stufenregel” 
gam it the following temperatures : 

Segue Between 1025 and 1050 degrees Cent. (1875-1920 degrees 
if Fe. ahr.) and at 830 and 630 degrees Cent. (1525-1165 degrees ahr. ) 
raphiti Such negative evidence is, of course, inconclusive; logically it 
Ant, lt furnishes support for the positive evidence only as indicating that 
| meta the latter has not been contradicted. 

5 Ol 

Nn cool THe SOLUBILITY OF GRAPHITE IN G:AMMA IRON 


ahov: It is not claimed that our data, except as to the location of the 

ill dis \, (stable) point, are sufhciently precise or voluminous to attempt 

ny revision of the stable 1ron-carbon diagram. Certain of our ob 

degre ervations, however, throw some light upon the observations ot 
might thers. 

— wil | Consider first the location of the A, point. In Fig. 4 we tind 

mpera luring the first heating, the first change of direction to be not very 

trongly marked but located somewhere between 730 and 735 degrees 

nent Cent. (1345-1355 degrees Fahr.), which should be taken as Ag, 

stable). In the descending branch of the curve there is a slight in 

oist N flection just above 735 degrees Cent (1355 degrees Fahr.) before 

eht o1 F we come to the sharp break at 709 degrees Cent. (1310 degrees 

ahr.) marking Ar, (stable). On the second heating and cool 

t 1120 E ug we find Ac, (metastable) quite sharply defined at 728 degrees 

ent. (1340 degrees Fahr.) and Ar, (metastable) at 712 degrees 

resse: ent. (1315 degrees Fahr.). The absence of combined carbon in 

Faht ecimens heated near 735 degrees Cent. (1355 degrees Fahr. ) 

tem o matter in which direction equilibrium is approached, confirms the 


nclusion that this temperature is below both Ac, stable and Ar, 
z ible. 


Comparing the first and second heating curves, Ac, (stable) 


entitle 








an equal lag 


720 degrees Cent. (1328 degrees 


/ degrees ‘ahr. ). 
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tion, this doubt can probably be 
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vrees Kahr.) judging by the peaks 


(1330 degrees 


[He A 


Similarly, 


leahr.). 





is somewhat over 7 degrees Cent. higher than Ac, (metastable ) 
\r, (stable) 23 degrees Cent. higher than Ar, (metastable ) 
ing by the first visible break in the curves or 30 and 26 degrees ( 
(54-47 degrees Kahr.) judging from the peaks of the curves. As 
ascending and descending temperature: 
(stable) is at 735 degrees Cent. (1355 degrees Kahr.) judging {1 
the first break in the curves and at 740 degrees Cent. (1365 
metastable | 
Kahr.) or 719% 


degrees ( 


(ur observations on A, metastable are thus close to the accep 
The differen 


i 


(metastable ) depends largely upon 


of the direct heat treating experiment we 


interpretation of our chart but having in mind the corroborat 
preter to take for 


a temperature not under 735 degrees Cent. (1355 degre 


a ditference between the two temperatur 


Lorber and Oelsen 


(1355 degrees Kahr. ). 


degrees Kahr.) takes place so slowly that 


dismissed 


is due to lack of 


lhe temperature measurement in [experiment 


used with those used in the critical point determination. 


it to be within | degree Cent. of correct. 


Becker (15) attacked the 





time. 


from 


(loc. cit.) accept 73 
It seems likely that the graphit 
is so slowly soluble (or precipitable) in y iron solution that th 
transformation is spread over a much longer range than that of th: 
metastable system making the peaks of a differential temperatu: 
curve quite unreliable guides to the location of the transtormatio: 
Indeed there is some question as to the interpretation 
experiment 2 which might perhaps mean that the solution even 


S30 degrees Cent. (15 


Having 


mind the speed at which solution takes place when determinin 
critical points and that the specimens were protected from oxida 


our minds with 
was made with 
special precaution, comparing the thermocouple and potentiomete: 
\, stable found as part of this eritical point determination furnish 
the best possible calibration of the critical point apparatus showing 


The most acceptable determination of the A,, line so far 1 
probably that of Ruer and Ilgin (14) 





The tem 
peratures are sately comparable to 1 degree Cent. and the value o| 
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ble) Jem by earburizing iron (in his case ot variable silicon con 
res to saturation in contact with carbon. He obtained a series 
— results in very low carbon metal in which the lower end of A 
Assi not pass below 900 degrees Cent. (16050 degrees Fahr.). In 
_ 19 have been plotted as thin lines the metastable iron-carbor 
ng fy 
1365 | ni ——— ; ean 
‘| xorber & Oelsen vie Austin ——— 
ble l (metastable except as marked) 
Ruer & /ijin © \ ee / } [-—|\- 
~~ a a e } gee eee 2 2 4 
M.M. Austin (12 $1] —-—-— Hf wl. 
Schwartz ———_—_ sit 
accept " O /| ~ “WY 
ifferen | 
pon 
borat 
for 
degre 
erature 
rept 73 
praphit J 
hat th 
t of the - 
erature O 0.4 08 1.2 76. £z,20 2a 
rmatior Weight PerCent Carbon 
tion ot} Fig. 19-~Metastable Iron-Carbon Diagram as Accepted by Kérbe 
ind Oelsen 
even 
ly that liagram as accepted by Korber and Oecelsen (16) atter a « ritical com 
ving in | arison of all the reliable observations with thermodynamic data. 
minin KoOrber and Oelsen (15) have calculated the A, line trom thi 
oxida eat of transformation of iron. Assuming Fe,C to be the solute, the 
is with carbon concentration at 721 degrees Cent. (1330 degrees Fahr. ) 
hould be 0.84 per cent. Assuming graphite as the solute the ca 
le with hon concentration at 735 degrees Cent. (1355 degrees Fahr.) should 
ometer e O.82 per cent. 
fe sem It may be well to point out in passing that any attempt to uss 
lue ot . ingle A. line for both the stable and metastable systems 1s pet 
rnish issible only if the solute in the two systems is identical li we 
lowing re to consider the possibility that the solute may be Fe,C im one 
ise and C in another, then the molar concentrations for a given 
tar | bs eight concentration of carbon differ and two A, lines must exist 


he numerical relations are such that if carbon and cementite mole 
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cules each contain the same number of carbon atoms the postu 
that the solute is carbon must give a higher value of A, whicl 
presumably an indication that this system is the more stable. | 
stable A. line of Korber and Oecelsen is also shown as a thin line 












the Fig. In the Fig. have been inserted also the results of R 
and Ilgin and of Becker for A,, and the results of the late M. 
\ustin of this laboratory tor metal containing 1.2 per cent. sili 
Dotted lines have been drawn by the present writer through 
array of dots representing respectively Becker's and Ruer’s det: 
minations. Superimposed on all this is shown as a heavy line « 
determination of A, stable and three determinations of carbon 
ubility shown as large circles to indicate the limitation of precisi 
from which these data suffer. These circles are numbered to shoy 
the experiment deseribed in the preceding section to which they rete 
The observation of [Experiment 7 is in a region where Becke: 
and Ruer and Ilgin’s results do not differ greatly and check eithe: 
about equally well. Iexperiment 9 checks Becker and [experiment 


12 checks Ruer and Ilgin. The significant difference in experiments 












9 and 12 is that in the former there was exposure for a conside1 
able time to moist nitrogen, in the latter contact with gas was almost 
completely prevented. The specimen of IE:xperiment 9 showed some 
evidence of oxidation (by leakage or water vapor) and since Becket 
also was confronted with difficulties in suppressing oxidation it is 
suggested that the equilibrium which he reached involved oxygen 
in some form also. 

It is to be noted that Ruer and Ilgin’s data if extrapolated would 
intersect our A, stable line considerably to the left of the intersec 
tion of the theoretical A, (stable) line with our A,. The inter 
section falls closely upon the theoretical A, metastable line. 









One is not prepared to discuss this discrepancy on the basis o| 
so limited an experimental background. If it be not due to obser 
vational error it may be necessary to seek an explanation by con 
sidering whether the carbon and cementite molecules contain but a 
single carbon atom. 


SUMMARY AND CONCLUSION 






A hypereutectic iron-carbon alloy was prepared containing 0.03 
per cent silicon and probably not over 0.04 per cent of all other ele 
ments. Direct observations were made of the direction of the reaction 
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M : 
postu . 4 series of temperatures from 630 degrees Cent. (1165 degrees 
which hr.) to above the eutectic melting pot, Attempts were made 
le. 4 cause the reaction to proceed in both directions. Particular at 
1 line ution was given to the temperature interval between 1000 degrees 
of R . ent. (1830 degrees Fahr.) and the melting point. 
M. lhe decomposition of cementite Was observed at all tempera 
silic tires, its formation (as distinguished from the crystallization of 
ugh { oeutectoid cementite trom super cooled solutions ) never 
's det. The stable A, point was located 15 degrees Cent. above the 
line o netastable A, which is in fair agreement with the accepted spread 
bon si of about 13 degrees Cent. 
recision Ruer and Igin’s A,, line was qualitatively confirmed and a 
to shov possible cause of the discrepancy between their determinations and 
vy refer 4 Becker's pointed out. Attention 1s called to the fact that the Ruet 
Bache ind Hgin Ay, line does not intersect the stable A, line on the A 
k eithe: table line computed from the heat of transformation of iron on th 
eriment issumption of monatomic iron and carbon and ideality of solution. 
‘riments It is concluded that direct experiment contradicts the thermo 
onsidet dynamic deduction of Yap, Chu-Phay that cementite 1s metastable 
s almost at temperatures lying above some undetermined value somewhat in 
ed some excess of A,. The same experiments are incompatible with the 
Becke CH,-H equilibrium observed by Johannsen and von Seth at tem 
on it is peratures somewhat below the eutectic melting point. 
oxygen lt is further concluded that some one or more of the thermo- 
; dynamic data accepted by Yap must be in error and that more ac 
d would curate knowledge of the fundamental free energies and heats of for 
nieve : mation must be secured. 
» inter é It is worthy of note that had Yap used the heat of formation 
of cementite determined by Watase who himself pointed to an ex 
a perimental error in the determinations of Ruff and Gersten, the 
s oleae ipparent stability of cementite would have been limited to a region 
by con near 900 degrees Cent. (1650 degrees Fahr.) which is, perhaps, not 
« het vell suited for calculation as involving the A, perturbation. 
ADDENDUM 
Fi Since the preceding article was prepared the work of Pingault, 
ng 0.03 j \nn. Chim., Vol. XX, 1933, p. 371, has come to the writer's atten 
her ele 4 n, Chemical Abstracts, Vol. XXVIII, 1934, p. 3040. 
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hat observer produced cementite by treating iron (Car 
0.03 per cent, silicon 0.005 per cent, manganese, trace, sulphur 0. 
per cent, phosphorus Q).OO9 per cent) as a 30 to 200 mesh pow 
in 50-gram lots with NaCN in the presence of air, which is in 
pensable The time required was 30 hours at 800 degrees ( 
(1470 degrees Fahr.), 48 hours at 650 degrees Cent. (1200 « 
grees Fahr.), or 80 hours at 000 degrees Cent. (1110 degr 
lahr.). VPingault found that Fe,C was thermodynamically unsta 
at ordinary temperature. Heated one hour at 1225 degrees Cent 
(2235 degrees Fahr.) globules resembling high carbon cast iron 

a powder rich in graphite resulted. It decomposed rapidly neat 
melting point of cast iron and after slow heating to 1000 degre 
Cent. (1830 degrees Fahr.) showed what should be an A, point 
cooling which seems evidence that iron was formed by decompositior 

The CO-CO, equilibrium with C and Fe,C was studied ar 
the curves found to intersect at 820 degrees Cent. (1510 degre 
lahr.). The latter observation would seem to contradict the meta 
stability of cementite at both low and high temperatures (the abstract 
does not state in which direction the curves crossed ). 

The formation of Fe.C at 600 to 800 degrees Cent. (1110 
1470 degrees Kahr.) might be interpreted as evidence of its low ten 
perature metastability or of the “Stufenregel” carbon entering th 
iron from the cyanide by first forming Fe,C which has not disso 
ciated in the time given. 

The significance of a possible content of mitrogen seems not 


to have been closely considered. 


\CKNOWLEDGMENT 


Che photomicrographs and critical point determinations are 


work of C. H. Junge in the author’s laboratory. 
























































References 

















\Ibert Sauveur, “The Metallography and Heat Treatment ot Lron 
Steel,” Chapter XXV. The University Press, Cambridge, 1926 
Yap, Chu-Phay, “The Free Energy, Entropy and Heat of Formation 

lron Carbide (FesC),” Transactions, Faraday Society, No. 138, \ 


XXVIII, Part 11, November, 1932. 


|. B. Austin, “Entropy, Heat Content and Free Energy of Iron,” /ndus 
and Engineering Chemistry, Vol. 24, December, 1932, No. 12, p. 1558 
139] 





M . DISCUSSION—METASTABILITY OF CEMENTIT! 15] 


(Cas 1 (Cesaro, “Note on the Liquidus in the lIron-Carbon Diagram,” Journal 
sg [ron and Steel Institute, Vol. NCIX, 1919; cf.: Yap, Chu-Phay, “A 
lur 0 Thermodynamic Study of the Iron-Carbon System in the Solid and 
1 pow Liquid States, II,” Transactions, Faraday Society, No. 127, Vol 
Soe Sx Vi, Dec, I1961.. Part iz: ci J. B. Austin, “A Thermodynami 
1S in Study of the [ron-Carbon Diagram,” Jetals and Alloys, Vol. I\ 
O33 Q 
es 1933, p. 49. | | 
1200 Sauveur (loc. cit.), Fig. 403. 
= ” Johansson and von Seth, “Oberflachenentkohlung von Stahl,” Jernkon: 
degre Ann., Vol. 116, 1932, p. 565-654, via Stahl und Eisen, June, 1933, p 
9) 
633. 
unstab| - Ba 
Schenck and Dingmann, “Gleichgewichtsuntersuchungen uber die Reduk 
es Cent tions-Oxydations- und Kohlungsvorgange beim Eisen VI," Zettschri 
iron al fiir anorganische und allgememe Chemie, Vol. 171, 1928, p. 239-257 
near tl 8 H. A. Schwartz, “Effect of Silicon on the Equilibrium Diagram of Systen 
1a Carbon-lIron near Eutectoid Points,” 7 ransactions, American Institute 
) degrees of Mining and Metallurgical Engineers, Vol. LXIX, 1923, p. 791 
point ray y) H A. Schwartz, “Some New Aspects ot the lron-Carbon Diagram 
a TRANSACTIONS, American Society for Steel Treating, Vol. 19, 1931, 
Iposimlor p. 403. 
lied and 10. Bates, Lawson and Schwartz, “Metastable Equilibrium in Hypereutectoid 
deere Iron-Carbon Alloys,” TRANSACTIONS, American Society for Steel 
~s C> 


Treating, Vol. 18, 1930, p. 659 
11. Umino, “On the Specific Heat of Carbon Steels,” Science Reports of th 
abstract Tohoku Imperial University, Series 1, Vol. XV, 1926, No. 3 
\2. Brodie, Jennings and Hayes, “Heat of Formation of Cementite as Electré 
lyzed from Pure Iron-Carbon Alloy ot Eutectoid Structure and Com 
(1110 position,” TRANSACTIONS, American Society for Steel Treating, Vol 


; : : 
low tem : X, 1926, No. 4. 


13. Ruer and gin, “Zur Kenntnis des Stabilen Systems [isen-Kohlenstoff,” 
Vetallurgie, Vol. VIII, 1911, Part 4. 


he meta 


ring th 


pt disso l4. Becker, “Equilibrium at High Temperatures in the [ron-Carbon-Silicon 
System,” Journal, Iron and Steel Institute, No. 2, Vol. CXIL, p. 239 
(1925). 


eC } t . : 66 ‘Te , 
ms no 5. Korber and Oelsen, “A Thermodynamic Study of the Iron-Carbon Dha 


gram,” Abstracted by J. B. Austin, Metals and Alloys, Vol. IV. p. 49 


(1933). 
DISCUSSION 
Written Discussion: By M. L. Becker, National Physical Laboratory, 
are thi eddington, England. 

i) | am glad to have the opportunity to discuss this paper by Dr. Schwartz. 
F Most investigators now agree that pure iron carbide is metastable with respect 
a graphite at temperatures up to, and probably above, that of the austenite 
ementite eutectic. There are, however, those who believe the reverse to be 
Iron ain F true over a certain range of temperature and we are indebted to Dr. Schwartz 
126 Q ir reviewing the subject and bringing forward new and valuable experimental 

mation « ; icts to clarify the issue. 
138, Vol 4 Dr. Schwartz has referred to work carried out by the present writer’ to 
3 termine the influence of silicon on the position of the graphite solubility line 
oo l ‘ \s seen in Fig. 19 of the present paper, the solubility at 900 to 950 degrees Cent 

, Pp SS 3 


Secker, Journal, Iron and Steel Institute, 1925, No. 2, p. 239 
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in Experiment 9, 


LHE: 


much 


f 


lower 


\/ 






Dr. 


Schwartz 


\s a result of later work, the writer has no h 


than expected a 


seem 


esita 


in saying that the low values at these temperatures did not represent the 


solubility of carbon in iron, although there 1s no doubt that the iron speci: 


reached equilibrium with the 


that the lo 


w val 


ues may 


Las 


be due to the 


surrounding 


them. 


influence of 


Dr. 


Ooxyeen 


Schwartz 


11h 


sug, 


some torm, 


the writer favors the view that the gas probably never reached true equilib: 


with the graphite present, because of the slowness of the reaction at these 1 


peratures coupled with the effect of the reverse reaction occurring in the co 


the 


parts ol 


lurt 


lace, 


obtained in Experiment 9 of the present paper. 


Some 
similar to 
material 
conclusion 


reached by 


clusion was not decisive owing to the very 


years 


those 


ago the 


now 


writer 


rece rded by 


Schwartz, but utilizing rather 


The same explanation might account for the lower 


conducted a series of experiments somew 
Dr. 


less | 


The results were not published but it is satisfactory to note that 1 


as to the metastability of cementite 1s in agreement with that nm 


the ; 


iuthor. 


\t the time, however, it was considered that the « 


long annealing periods involy 


the difficulty of accurately determining combined carbon content in the prese: 


t Iree 


carbon, and the deceptiveness of microscopic evidence. 





In order to avoid the difficulties mentioned, the writer adopted a different 


method, namely that involving the measurement of the ratio of carbon monoxid 


to carbon dioxide in equilibrium with cementite (white cast iron) on th 


hand and graphite on the other. 


\n account of this work has been published 


and it should be noted that the line denoting equilibrium with cementite is pe: 


fectly distinct from that with graphite, while there is no indication that the tw 


lines would cross even if extrapolated for some distance beyond the tempera 


ture range 


Seth, quote 


of 
d by 


the experiments. 


he results obtained by 


Johansson 


and vor 


the author, are not entirely in accord, but in the particul 


method used by these investigators, slight errors in gas analysis would account 


tor the lac 


results have since been confirmed by Bramley and Lord.* 


\ 


ol 


CONnCO! dance. 


On the other hand the accuracy of the writer's 


to have overlooked these data and the writer feels justified in drawing atten 


tion to them because, in his opinion, they constitute the most decisive evidenc: 


supporting the conclusion as to the metastability of cementite. 
Written Discussion: 
American Rolling Mill Co., Middletown, Ohio. 


There is only one phase of Dr. Schwartz’ paper upon which I shall mak« 


comment ; 


iron-carbon 


diag 


it concerns the double 
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American 


\nson Hayes, Director Research Laboratories 


thy 


page 767, Dr. Schwartz published under the titl 


‘Notes on the As Stable Transformation,” data to support his contention tha 


there 1s a 
very neat 
usual 


2Becke r, 
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Because of the incompatibility of such a concept wit 
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point, and which he considered distinct from th: 
the pure iron system at about 900 degrees Cent 
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he recognized laws of solutions, I presented at that time a detailed interpreta 

n of these laws with respect to the existence of a stable and a metastable 
\,.;, line. This discussion may be found beginning on page 771 of the volume 
i the TRANSACTIONS cited above. 

Dr. Schwartz has for a number of years postulated two solid solutions: one 
resulting from the solution of iron carbide in gamma iron; the other from cat 
hon. This, we understand, is his reason for drawing the two Ag32, lines in 
Fig. 19 of the present paper. 

Attention should be called to one important requirement of the generally 
iccepted laws of solutions: No matter how many forms of a solute may exist 
in a solution, if these forms of solute are in equilibrium with each other, there 
is only one freezing point line along which solvent-rich phase separates 

For the sake of illustration, consider the water-ferric chloride binary 
system. There are the following hydrates of ferric chloride 


KeCls .6H.0 
KeCls .34%H20 
FeCl; .2%H:0 
FeCls .2H.O 


Suppose a series of solutions from these various hydrates be made up in water, 
all conforming to the concentration 10 per cent by weight of FeCls. Experi 
mental investigation of this system shows that no matter from which of the 
hydrates of ferric chloride the 10 per cent solution of IeCls in water ts ob 
tained, the solvent, water, will begin separating from the solution at the same 
temperature, namely at about 8 degrees Cent. Dr. Schwartz’ double Asg.2: 
line is equivalent to assuming in such a system that water would freeze out 
at slightly different temperatures, depending upon which form of salt was used 
to make up the same concentration of solution with respect to FeCl, 

In order to justify the double Aso: line, it would, therefore, become neces 
sary to show: (1) That the two forms of solute resulting from iron carbide 
in One case and from carbon in the other, are different, (2) That if these two 
solutions are different, the two forms of solution which do result from dis 
solving iron carbide in one case and graphite in the other, in gamma iron are 
not in equilibrium with each other. 

One should keep in mind the fact that it 1s solvent which is separating 
21 line rather than solute. 


from solid solution along the As 
In view of the absence of adequate proof of the existence of two distinct 


q types of solid solution—one from carbide and the other from graphite and 


necessarily due also to the lack of proof of two such forms of solute not being 
in equilibrium with each other, the drawing of a double Asa; line seems un 
warranted. The writer knows of no cases of solutions where different forms 
of the solute have been shown to exist out of equilibrium with each other, at 
concentrations where transformations are accompanied by separation of solvent 
rich phase. 

There is, of course, sufficient evidence to justify two solubility lines: one for 
the solubility in gamma iron of iron carbide (the Aem line); the other for 
graphite (the graphite solubility line). That the gamma iron solid solution 
irom either of these solutes may be reversibly converted into graphite and ferrite 


one case, or into ferrite and cementite in the other, is common knowledge 
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and strongly suggests the presence of a mechanism by which equilibrium by 
tween any possible different forms of solute may be established. The slight 
higher temperature for the ferrite graphite eutectoid is to be expected. T] 
is because the stable eutectoid occurs at the intersection of the graphite solubilit 
line with the Aja: line and lies to the left of the metastable Acm line. 

Written Discussion: By N. A. Ziegler, Power Use Research Depa: 
ment, West Penn Electric Co., Pittsburgh. 

In connection with this very interesting paper, | would like to relate n 
experience with the instability of cementite, which, unfortunately enough, 
cannot substantiate by any photographs. 

some two years ago I gave to my students in the metallography cou 
at the night school of Carnegie Institute of Technology, some high carb: 
iron ingots, resulting as a by-product in my method for the analysis of gaseou 
elements in metals. (American Electrochemical Society, 1932). These ingots 
were composed of electrolytic iron melted in Acheson graphite crucibles in 
vacuum of about 0.001 millimeters of mercury, and saturated with carbon 1 


about 5-6 per cent. They were little disks about 1 inch in diameter, and %-! 
inch thick. Their usual structure was a pearlitic matrix with a large quantity 
of graphite flakes, uniformly distributed throughout the entire material. Fre: 
cementite was present more or less accidently in very small amounts. Thi: 
material usually could easily be cut with a hand saw. In one of these samples 
however, a central hard spot was discovered. In fact, several saw blades wer: 
broken in the attempts to cut through it, and finally this sample had to b« 
fractured with a chisel. When a surface of this sample, taken through th: 
hard spot, was polished, it became obvious that a particle of about 2 millimeters 
in diameter, different from the surrounding material, was there present. It 
was so much harder than the surrounding material, that it stood in relief and 
could easily be observed with the unaided eye. When etched in nital and ex 
amined under a microscope, it became evident that this was an exceptionally 
large particle of massive cementite. It was brilliantly white, with cleavage 
lines distinguishable on its surface. 

This sample was kept in a dessicator at room temperature for one or tw 
weeks. When, after that period of time, it became desirable to examine this 
sample again, to our surprise we could not find any cementite; the outline oi 
what formerly was the hard spot still could be plainly seen by the unaided eye 
as well as under the microscope, but cementite was completely graphitized int 
very fine graphitic particles imbedded into a matrix of free ferrite, the surfac¢ 
of the latter being very rough. 

This is a further evidence of the instability of the free cementite. Whe 
present with a large excess of iron, as in steels or cast iron, it can exist as 
FesC for perhaps indefinite periods of time, but when isolated into large masses, 
as in this particular case, it has a tendency to graphitize even at room tem 
perature. 

The other factors determining the relative stability of cementite are: (1) 
presence of other elements in the alloy, which is a well known phenomenon; 
(2) external pressure: it is possible that the above described piece of cementite 
could exist as FesC for an indefinite period of time, if left undisturbed inside ot 
its parent ingot. 
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ium. be | B. Austin :* On page 149 of his paper Dr. Schwartz has given a con 
slight tysion as follows: 

1 TI “It is concluded that direct experiment contradicts the thermodynamic 
olubilit ; eduction of Yap, Chu-Phay that cementite is metastable at temperatures lying 
| hove some undetermined value somewhat in excess of A;.” That statement 
Depar is it stands is correct, but there is a possibility that people who are not 
icquainted with thermodynamic calculations may read in it an implication that 
late m the fault was in the thermodynamic deductions. The emphasis should not be 
ough, | nm “the thermodynamic deductions” but on “the deductions of Yap,” for Yap's 
conclusions result from his peculiar and arbitrary selection of data. I think 
cour it is safe to say that his views are not supported by the majority of those who 
carb have considered this question from a thermodynamic point of view, nor are 
gaseou they consistent with the best evidence. It is quite true, of course, that errors 
ingots in judgment can be made in most thermodynamic calculations. In the majority 
les in ; of cases they will not seriously alter the final conclusion, but unfortunately in 
rbon t the present case the calculations are quite sensitive and the result is appreciably 
d %4-Y, iltered by the selections made. 
juantity k The total of the thermodynamic evidence available in this question gives a 

Fre definite indication that cementite is unstable at all these temperatures. It seems 

This to me, therefore, that Dr. Schwartz’s work is a confirmation of the thermo 
amples dynamic predictions; and it is rather a pity that he did not mention the fact 
eS wert that thermodynamic deductions of Becker, Bramley and others indicate that 
1 to be ementite is unstable with respect to graphite at all the temperatures considered. 
igh the k A. B. KirnzeL.® I think that most of us who have followed certain of the 
imeters P thermodynamic calculations are impressed with the fact that not only 1s judg 
ant. It ment involved, but also the selection of data is a very critical function as fat 
ef and is results are concerned. The differences of comparatively few degrees in 
ind ex temperature or tensile per cent of composition will frequently be sufficiently 
tionally magnified in the calculations so as to lead to results that are not in accordance 
leavage . with facts as later proved. 

JoHnN CurepmaAn:*® I am particularly sorry that Dr. Schwartz is not here 
or tw In his remarks on the thermodynamics of the situation, Dr. Schwartz has 
ne this elaborated upon many entirely unimportant points which are only indirectly 
tline oi related to the problem in hand and which might better have been omitted. He 
led eye, overlooks almost entirely a great mass of thermodynamic data that is available 
ed int es in the literature. To my knowledge, there are at least eight pieces of research 
surface on equilibrium of cementite and gaseous mixtures, either carbon monoxide 

¥ carbon dioxide or methane-hydrogen mixtures. Each of these researches 

When y gives us quite directly a value of the free energy of cementite, independent ot 
xist as the useless details so elaborately discussed by Dr. Schwartz, both in his paper 
masses, E now and in the one he wrote in 1931. Of these researches, one must be discarded 
n tem : mn account of faulty temperature measurements. A second is subject to grave 

; doubts on account of the crudity of experimental details. This second one was 
e: (I) 4 selected by Yap for his thermodynamic calculations and it should be noted 
nenon ; a that it is the only one of the eight that could have lead to the conclusions 
mentite # which he reached. Dr. Schwartz is to be commended for his refusal to accept 
side of F 
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Yap’s conclusion, and in this regard, | believe that all physical chemists 
are conversant with the subject will agree with Dr. Schwartz. The other 

of the eight researches which I mentioned are unanimous and emphatic 

demonstrating that cementite is metastable with respect to graphite and 

iron phase at all temperatures. The graphitization of essentially silicon-fr 
alloys by Kinzel and Moore and by Schwartz is confirmation of this therm 
dynamic deduction. 


Author’s Closure 


The author is indebted to Dr. Becker for correcting an error in tl 
bibliography referring to the latter’s work. The titles of two of Dr. Becker: 
papers had unfortunately been confused. 

It is also pleasant to learn of the fact that Bramley and Lord’s invest 
gations confirm on the basis of gas reactions the metastability of cementite a 
all temperatures; the details of this piece of work had not come to the writer 
attention. 

While not unmindful of the fact that the peculiarity observed by Dr. Becker 
and confirmed by the writer with regard to a very low carbon solubility i: 
gamma iron in the stable system might be due to different equilibria at different 
temperatures in different parts of the same container, it seems to the writer 
that direct evidence is such as to point to the fact that if this be the explana 
tion then this phenomenon manifests itself also by the oxidation of iron. 

The author is not altogether in accord with Dr. Becker that a problem « 
this kind is best attacked by determinations of the CO-COs: equilibria. It is, 
of course, entirely correct that these equilibria are a perfect criterion of th 
relative stability of the two phases cementite and graphite. The experimental 
procedure is, however, so hedged about with difficulties that apparently many 
quite skillful workers have been led to publish observations which contradict 
the writer's conceptions of the stability conditions, which conceptions are ap 
parently shared by Dr. Becker. It is precisely because apparently incorrect 
conclusions have been drawn from data of this type that the writer undertook 
the present investigation. The fact that certain particular workers are skilled 
enough to get the correct results and confirm the independent observation of 
metastability is, of course, gratifying but still does not overcome the difficulty 
that the student who does not know which result is right would find considerabl 
difficulty, as Yap did, in deciding upon which series of gas analyses to accept 

Dr. Hayes discusses the question of whether or not there exist two critical 
points or one marking the A; transformation. It happens that the author 
did not touch upon this point in the paper now under discussion and it seems 
inadvisable to enlarge upon Dr. Hayes’ comments except to point out that had 
he examined the author’s Fig. 19 carefully he would have seen that the two 
lines are suggested or perhaps better, computed not by the writer but by Korber 
and Oelsen and are included as an expression of their views and not those of 
the present author. It may be added that in the research now in question it had 
been hoped to locate quite accurately the lower end of the Agr line but the 
experimental results did not finally warrant any such discussion. 
(Discussion—Continued on Page 285) 
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HEAT TREATMENT IN CONTROLLED ATMOSPHERES 
INCLUDING GASEOUS CARBURIZING 


F By C. R. Austin 


Abstract 


Considerable attention has been given to various 
aspects of controlled atmosphere heat treatment during 
the past few years. In the present paper the author at 
tempts to present a general discussion of the application 
of batch type anneal or continuous normalizing to low ca 
hon steel, stainless steel, copper, brass and silicon $ steel. 
Attention is drawn to the more important fundamentals 
which must be considered, and examples of annealing 
practice are provided. 

A theoretical discussion on the anneal of high car- 
bon steels in carbon-bearing gases indicates the relative 
importance of such factors as “carbon-concentration” in 
the atmosphere, time diffusion (conveying of carbide away 
from the gas-metal interface) and diffusion of carburizing 
gases into the metal. The need for correlation with the 
Acm line of the equilibrium diagram is emphasized. 

\ The practical heat treatment of these steels is il 


a AIP dy 


vgompag ae 


lustrated by photomicrographs or data on carbon analyses 
under the following subheadings: 

i. Surface carburization of low carbon steels. 

2. Surface recarburization of high carbon steels. 
3. High carbon steel anneal in pure dry hydrogen. 


UCH has been written during the past three or four years on 
i the heat treatment of metals in controlled atmospheres and 
special attention has been devoted to gas carburizing. Almost a 


Awe tera 


lozen articles have already appeared in Metal Progress, and in the 
present paper the writer intends to discuss some general aspects of 
this subject with which he has been closely associated for several 
ears. 

The usual purpose of a controlled atmosphere during a heat 
treatment cycle is to protect the surface of the metal so that it shall 
remain unoxidized. It is also frequently required that the surface shall 
be cleaned free from color resulting from preoxidation of the metal, 

A paper presented before the Sixteenth Annual Convention of the Society 

ld in New York City the week of October 1, 1934. The author, C. R. 


ustin, a member of the Society, is associate professor of metallurgy, Penn 
lvania State College, State College, Pa. Manuscript received Jul) 24, 1934. 
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occurring during an earlier stage in fabrication. ‘This applies to 
carbon steel such as tinplate and automobile body sheet, stair 
stec ls, copyp r and brass, where considerable CCONOMY Can be ett 
by the partial or complete elimination of the pickling bath 

In annealing high carbon steel such as razor blade stock, 
blades and hack saw material it is desirable to keep the surfac 
from oxidation in order to prevent surface decarburization, and « 
perhaps, to supply carbon to the surface of the steel if partial 


carburization has occurred during hot rolling, or other shaping « 





eration. 

The bright annealing of stainless steel is a problem of consi 
able difficulty and may be extremely difficult to realize commercial 

electric sheet or silicon steel also presents a held tor the app! 
cation of the principles of bright annealing but here the problem 
lates rather to the reduction of oxygen and carbon content of 
alloy and to the elimination of strain ‘than to the production | 
bright sheet or punching \ smooth surface finish however | 


sirable. 
low CARBON STEEL 


lheoretically the bright annealing of low carbon steel is a sin 
ple operation in which the atmosphere during annealing must b 
neutral or reducing depending on the surface of the metal as charge: 
into the furnace. Many different gases have been used for this pu 


pose such as coke oven gas, natural gas, and dissociated ammonia 





It is important that the gas be not more than slightly carburizing 
a hydrocarbon gas is used, and that any atmosphere should not cor 
tain any tree oxygen. Considerable amounts of water vapor ma) 
be present if the gas is thoroughly reducing, without oxidation of th 
annealed product 

Much low carbon steel is annealed on the batch anneal pru 
ciple. lor this purpose the bell type electric furnace appears to hav 
marked advantages over the conventional anneal gas-fired turnac: 
due to improved quality of product depending on better heat 
tribution and easier control of atmosphere. Better heat insulatiot 
reduction in total time of annealing cycle, and the small differentia 
between the temperature of the heating medium (electrically heat 
cous) and the charge are also important factors 

In order to obtain a completely bright product it is necessar 


that consideration be given to the condition of the surface of th 





recessa4&y 


e prior to the heat treatment, and to imsure that the atmo phere 
as not contain free oxygen during the cooling end of the evel 
a simplest chemical reactions which occur durine anneal are a 
| llows: 
a ‘Fe + 30, = 2Fe0 (1) 
) 2H; +0: = 2H:0 (2) 
sae FeO; + 3H: = 3H:0 + 2Fe (3) 
unc « 
etial \t red heat and above reactions (2) and (3) takes place very 
ping « idily in the left to right direction. Hence iron oxide is reduced to 
ie metallic state and tree oxygen 1s reduced to water vapor. During 
onal the cooling cycle however the afhnity of oxygen for iron at 400 to 
ercial OO degrees Cent. (750-930 degrees Kahr.) and below is greater than 
te alee or hydrogen so that 1f any free oxygen is present in the gas dis 
ihe oration of the charge takes place according to equation | Con 
tof 1 derable amounts of water vapor must be present before the rea 
a tion given by equation 3 leads to the formation of iron oxide and 
Be ree hydrogen. ‘The equilibrium conditions in this instance are well 
nown and are dependent on temperature 
In continuous furnace annealing the rigorous conditions as re 
irds absence ot tree oxygen are not so necessary since rapid cool 
saosin ne through the 400 to 500-degree Cent. (750-930 degrees Kahr. ) 
must b uve is effected. At lower temperatures the oxidation is so slow with 
charge: ow oxygen concentrations that it 1s not readily detected exper 
this pu nents have shown that a few parts per million of free oxygen in 
mMmonia vdrogen gas passed over steel strip will cause discoloration of the 
rizing i! metal ina short time. In fact this phenomenon can be used to purity 
not cor vdrogen by passing “pure hydrogen” over steel heated to this tem 
por ma\ erature range since it provides a simple means of removing the last 
moof th traces of free oxygen. 
\n example of the bright annealing of cold-rolled sheets im a 
eal prit itch-type furnace is shown in Fig. 1. The anneal was conducted im 
s to have lissociated ammonia atmosphere on stacked sheets having the usual 
furnact | film on the surface of the sheet, as taken from the cold rolls 
heat di (he temperature of the charge was raised to 675 degrees Cent 
isulatior 1250 degrees Kahr.) in about 12 hours tollowed by a cooling rate 
ferential about 17 degrees Cent. (30 degrees Fahr.) per hour from 675 
y heated legrees Cent. (1250 degrees Fahr.) to 205 degrees Cent. (400 de 
rees_ Fahr. ) he type of furnace illustrated has been frequently 
lescribed. It consists of a base, carrying the charge, over which 1s 





laced a metal hood which forms a gas-tight chamber by virtue of an 
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oil seal around the periphery ot the base. A bell lowered ove: 
hood serves to furnish the thermal energy by means of the « 
trically controlled conventional mickel-chromium heating ele: 
hung on the inside of the bell. 


Considerable quantities of oil distilled off trom the chare: 


ny the passage oO} the dissociated ammonia Yas as the charge 


~ « 


Fig. 1 Bright Anneal of Cold-rolled Sheet in 


a Bell type Electric Furnace [ 
Dissociated Ammonia as the Controlled 


Atmosphere 


up, but since clean ot] was used in the cold rolling it can be obser 
that a true bright anneal was effected. Reflections on the anneal 
sheet demonstrate the nature of the surface. 
low carbon wire rod, coils of strip and tinplate have been 

cesstully annealed by this method where especial importance is a 
corded surface finish and uniformity of product (anneal ) \n 
nealing can also be effectively accomplished by a continuous treat 
ment whereby the product is passed through the furnace in a con 
tinuous strip form or on conveyors. In this case the gas consum] 
tion use 


Lal 


‘d to maintain a controlled atmosphere 1s usually consideral 


greater but since the temperature cycle is much reduced it is not 


ret 
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ee lly necessary to so rigidly maintain gas purity and frequently a 

ne iper gaseous atmosphere may be employed 

cleme Continuous furnace treatment in controlled atmospheres has 
en used for rapid bright normalizing low carbon steel sheet and 

ting 7 r tinplate. Data from some experimental work in this field may 

ve he 


of interest. In simulating the conditions obtaining in continuous 
rmalizing, sections of O.1 per cent carbon steel sheet about 20 inches 
ng by 10 inches wide were thrust into the hot zone of a long muftk 
ntaining the desired atmosphere, maintained there a predetermined 


riod, rapidly withdrawn to a water-cooled section of the muffle t 


ool rapidly and finally withdrawn completely for examination Ihe 
hotomicrographs in Fig. 2 demonstrate the rapidity with which 
omplete normalizing can be effected. After 3 minutes at 950 degrees 
ent. (1740 degrees Fahr.) the banding found in the rolled struc 
ture was completely eliminated. Evidence of the hot-rolled structure 
persists after 1 minute at 940 degrees Cent. (1725 degrees Kahr.) but 
very good normalized microstructure results from 4 minutes at 930 
egrees Cent. (1705 degrees ahr. ) Ikven with partially oxidized 
heet the dissociated ammonia atmosphere employed in this work pro 
vides a satisfactory bright annealed sheet within the time limits em 
loved. 
To examine the effectiveness of the heat treatment on the deep 


rawing properties of the material several of the normalized sheets 





vere tested in the Erickson machine. ‘Table I. 
Table | 
Erickson Tests on Sheet Steel 

Normalizing lime at KE ricksor 

nace | remperature Pemperature Value 
Te vrees Cent Devrees I int in) Mir ut¢ Millimeter 

; 160) 1760 ! 8.94-8-81 

obs rv 1 000 1760 9 4.9.04 

5 900 1760 . 8.6 

Alii ale (| 6 960) 1760 8 66.9.1 

‘ 7 950 1740 8 R6-8.7 

& 930 170 { 8 56-9.04 

been 

nce 1S a The Erickson value desired was 10.50-11.00 millimeters It 
ul). An iy be noted that the variation in time and temperature does not 
ous treat ive marked etfect on the Erickson value. ‘This was also true ol 
in a con rectional properties. There is little doubt that the relatively low 
consum] lues recorded are due to rapid rate of cooling after passing 
nsiderabl ough the critical range. Slower rate critical cooling 1s desirabl 


Ss not gel I deep drawing purposes. It should be noted that the surface of 











ot 


Atmosphere 

lot-rolled Conditior1 

t 960 Degrees Cent. (1 
l 


760 Degrees 
740 Degrees F: 
Cent (1705 Degrees 


1 Minute at 
$$ Minutes at 950 Degrees Cent. ( 


+ Minutes at 930 Degrees 
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sheets were decarburized. Further reference wil 


the section dealing with high carbon steels 


Much thought has been given to the bright annealing of tinplat 


rticularly with a view to elimination of one or more of the pickling 


erations. \ peculiar feature attaches to this problem however, 
nce the tinplate manutacturer is concerned with the familiar pat 
rns found on tinplate when stripped from the pack. Much of this 
ittern, including the speckling known in the trade as “egg-shell” 
ittern, is removed by pickling, but it tends to persist 1f the sheet 1s 
ubjected to bright annealing whereby the oxidized portions of the 
eet are reduced to metallic iron. This is a real problem confronting 
1e application of bright annealing to the later stages of tinplate manu 
icture where the surface appearance of the tinned product is of para 
ount importance. Preoxidation of the complete sheet prior to bright 
nnealing, in an effort to eliminate the surface patterns, has been 


ttended with moderate success. 


STAINLESS STEEL 


Stainless steels contain varying amounts of chromium which 
enders the true bright annealing of such steels extremely difficult 
commercial practice. In a recent paper by the author’ on the 
le of water vapor in decarburization the writer indicated the ex 
reme sensitivity of chromium alloys to oxidation discoloration at 
elevated temperatures in a reducing hydrogen atmosphere. ‘This 1s 
ue to the presence of minute amounts of free oxygen or oxygen 
bearing gases (including water vapor). It is generally considered 
that chromic oxide is reduced to the metallic state by the hydrogen 
ly at extremely high temperatures. This is not true for reduction 
be etfected between 7OO and 800 degrees Cent. (1290-1470 de 
rees Kahr.) in pure hydrogen which has been subjected to some 
pecial purification process whereby the hydrogen contains less than 
nme part per million of water vapor. Definite data on the exact 
urification required cannot readily be determined experimentally 
account of the difficulties involved in the chemical analysis, either 
rect or indirect. 
By setting up suitable purification trains the bright annealing 
tarnished stainless steel has been accomplished on an expert 
ntal basis. It is difficult to conceive however that this can be 


C. R. Austin, “A Study of the Effect of Water Vapor on t irface Decarburizat 
steel by Hydrogen with Certain Developments in Gas Purific: , PRANSACTI 


in Society for Metals, Vol. 22, No. 1, Jan., 1934, 1 
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economically conducted in commercial practice. Bret referen 
made to this subject by Pierce and Grossmann in the recent 
of Stainless Steels” where they discuss the surrounding of th 
terial by special gases “‘as in bright annealing.” They furthe: 
that the artificial atmosphere prevents the formation of scal 
yether. Obviously tarnishing of the product is not prevented 

It would therefore seem that true bright anneal of stay 
steels is at present commercially impracticable and that the fab: 
tion of sheet with a lustrous finish must depend on the eliminat 
of scaling by use of a reducing atmosphere during heat treat: 
followed by a suitable pickline operation to remove oxidation 
causing the familiar discoloration of chromium alloys. Conside1 
care 1s necessary in pickling, when a brilliant lustre is desired, an 
passivating action in nitric acid is used to prevent etching of 
metal surface 

It would appear that the application of the Bullard-Dunn yp 
ling process, where a slight lead deposit preserves the metal surfa 


trom attack, might prove helpful in the processing of stainless 


COPPER AND BRASS 


The “bright annealing” of certain copper products has be 
conducted by the continuous annealing method, using water seal 
each end of the heated muffle, for several years. Interest 1n the tr 
bright annealing of fabricated copper such as refrigerator coils 
led to experimental tests on bell furnace anneals in various ga 
mospheres. While hydrogen appears to be the logical gas for 
purpose the use of ordinary commercial copper may prohibit this o1 


account of hydrogen embrittlement. The use of oxygen-free copp 


now on the market eliminates the difficulty. 
1 ; 


With the ordinary commercial copper successful bright annea 
in the electric bell-type furnace have been obtained in various co! 
trolled atmospheres including nitrogen, steam, natural gas 
butane. With nitrogen and steam the product must be charged 
the furnace in a bright condition and both gaseous media must 
treated for the removal of free oxygen. With nitrogen this ma 
readily be accomplished by first passing the gas through a tube o! 
copper, held at a low red heat, which is periodically reduced to th 
metallic state by use of hydrogen for the purpose of maintaining 
efficiency. In order to render the steam completely non-oxidi 


it is first necessary to boil off to the atmosphere a small quantity 
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reren water initially placed in the boiler. This removes all free oxygen 
‘nt “B m the water. Further, it 1s desirable to replace the steam with 
f the me non-oxidizing gas (pure nitrogen or tank hydrogen) toward 
‘ther end ot the cooling evcle and betore the Lemaiypr rature talls to LOO 
scale eorees Cent. (212 degrees Kahr. ) his procedure of course pre 
‘nted nts the condensation of water on the annealed product, thus elimi 
stan iting water stains. 
e fabr \nnealing in an atmosphere of butane gas has proved success 
liminat ful in bright annealing bright finished copper and surface oxidized 
treatn copper, at temperatures up to 510° deegrees Cent. (950 degrees 
ton fh lahr.). Reduction of any oxide tarnished surface has been effected 
nsidet without any apparent hydrogen embrittlement and evidence of soot 
ed, a ing could not be detected. It is possible that the tendeney to em 
hg ol brittlement of tough pitch copper may be markedly reduced by th 
use of hydrocarbons instead of free hydrogen, assuming that. the 
unn pr hydrocarbon as such, possesses reducing powers for copper oxide 
al surta and does not appreciably pyrolyze at the annealing temperature em 
less st ployed. This decrease in embritthing etfect would then be explained 
on the theory that the heavy hydrocarbon molecule, although causing 
urface reduction, 1s too large to permit much diffusion in copper 
has bee The bright anneal of brass is a much more ditheult problem 
r seals at particularly for the reason that zine volatilization readily occurs 
n the tru he loss of zinc per se is not so serious but its effect on the surtace 
coils ha of the alloy may be very marked. lfurthermore, slight surtace oxida 
IS gas al tion is more readily noted on brass than on copper due to the white 
s tor tl color of the zinc oxide tormed. ‘The effect ot Composit1on, temipel 
it this or ture of anneal, and previous rolling history is also extremely im 
ee Copp portant in its influence on grain-size, and the control of graim-size 
important in the technique of brass manutacture 
it annea In general, and this refers particularly to brass, the greater the 
1OUS CO! umount of cold work put into the alloy before annealing the simpler 
gas an he bright annealing problem since the temperature of anneal 1s 
irged int progressively lowered as the work hardening increase: ()xidation 
1 must b nd volatilization difficulties are thereby reduced. ‘Thus in batch an 
this ma aling it is important that uniform temperature distribution be 
a tube ol laintained throughout the charge so that the product responds um 
‘ed to the rmly to the hardening effect in the cold rolls. Maximum harden 
aining 11 ng can thus be obtained throughout the charge with subsequent 
Oxidizing inimum temperature of anneal for complete softening. Ineiden 


uantity < illy this can lead to important saving in the power consumption fot 
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rolling. The most important reason for annealing brass it 


trolled atmospheres, however, depends on the economic saving 


sible in the elimination of certain pickling operations. 

Irom the foregoing comments it can be seen that the bri 
anneal of brass is a complex problem. It should also be stated t 
the term “bright anneal” as applied to this alloy usually infers 
anneal which provides a surtace finish comparable to the charact 
istic appearance associated with cold-rolled brass which has 1 
viously been thoroughly cleaned by pickling. Very little chemi 


] 


reduction can therefore be permitted in the bright annealing ope: 
tion and a clean product should be charged into the furnace 
problem is then essentially one where the important factors art 

1. A neutral or reducing atmosphere to prevent surface ta 
nish by oxidation. 
\ temperature sufficiently high to produce complete soft 
ing, due regard being paid to control of grain-size. 


3. The prevention of zinc volatilization. 


Thorough work hardening before anneal permits a lower 
nealing temperature to be used, and this in turn assists in minimizi 
the loss by zine volatilization. It is reported that considerable hea 
way has been made in England with regard to the third factor 


introducing zinc vapor into the furnace atmosphere to counteract 


the zine volatilization due to the relatively high vapor pressure of 
at low temperatures. 


Cowan” has made an interesting observation on the anneal o| 
commercial brass. He states that on heating brass and pure hydroge: 


together at 430 degrees Cent. (805 degrees Fahr.) tarnishing o 


curred due to gas evolution from the brass. This tarnishing pet 


sisted until the temperature was raised to 680 degrees Cent. (125: 


degrees Fahr.). Referring to the importance of differentiating b 


tween temperature of the metal and temperature of the gas, and thi 
is particularly important in continuous annealing operations, Cowat 


adds that if the atmosphere were maintained at 680 degrees Cent 


(1255 degrees Fahr.) the brass could be passed through a furnac 


in such a way as never to attain a temperature higher than 430 
grees Cent. (805 degrees Fahr.) without any indication of tarnis! 
ing. Much remains to be done in the development of the true bright 
anneal ot brass. 


R. J. Cowan, “The Chemical Effect of 


d Gaseous Atmospheres in Bright Annealin; 
19? , 7 an 

etals . Metai industry, 2 rust, 1Y31. 
Metal Veta ndustr August l 
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SILICON STEEL 


In recent vears much attention has been given to the effects of 
size and impurities on the magnetic properties of silicon steels 
Yensen and Ruder have contributed valuable information on the 


hiect. This has led to the recognition ot the importance of the ap 





| An Experimental Charge of Silicon Sheet Stampings After Bright Anneal 
Dissociated Ammonia. 


plication to silicon steels of controlled atmosphere anneal whereby 


carbon-oxygen content of the alloys can be maintained low o1 


even reduced during the annealing process. Some of the most inter 


sting results have been obtained by annealing in pure hydrogen free 
rom oxygen and water vapor except for the slightest traces, using 
e conventional long annealing cycle with a maximum temperature 
ove 1000 degrees Cent. (1830 degrees Fahr.). 

For these high temperature anneals special attention must be 
ven to refractories and heating elements (where electric heating 1s 
mployed) on account of the disintegration of the refractories by 
ydrogen reduction and on account of the failure of nickel-chromium 
ating elements in a reducing atmosphere at such elevated temper 
ures. Other heating elements have proved superior for this 
rpose., 

In experimental anneals on rings cut from 1 to 4 per cent silicon 


el a slow annealing cycle (totalling 200 hours) was conducted in 
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air and in dissociated ammonia. Fig. 3. A maximum temperat 
of 1010 degrees Cent. (1850 degrees Fahr.) was maintained for 
hours. Some of the steels had comparable magnetic properties un 
both conditions of anneal. The 2.5 and 3 per cent silicon samy 
showed marked improvement in the maximum permeability and 
loss values when annealed in cracked ammonia gas. The dissociat 
ammonia apparently causes no embrittlement, permits the removal 
the samples from the annealing box in a clean bright condition, ai 
does not lead to any sticking troubles as the rings were separat 


without difficulty. 
HiGuH CARBON STEELS 


Perhaps the annealing of high carbon steels presents som 
the most interesting problems in the surface control of alloys duri 
heat treatment, and probably this phase of the subject has attract 
the attention of writers more than any other. Much research ha 
heen devoted to the subject, yet there does not appear to be complet 
agreement in the interpretation of results among such authorities 
Cowan* Guthrie* and McQuaid,° and the writer here presents som 
observations culled from his own experience with the use of certai 
neutral and carburizing atmospheres. 

It is proposed to give some attention to the theoretical aspect 
of the subject before illustrating results obtained in experiment 


analysis of the problems 
Theoretical Considerations 


Whether the purpose of the heat treatment is to carburize 
medium carbon steel, to prevent decarburization of a high carbo 
steel, or to raise the carbon content of the peripheral parts of a carbor 
steel (where decarburization has occurred) to a concentration equa 
to that of the core, the correct treatment is based on the same funda 
mental theory. Fig. 4. 


Consider first the lines forming the eutectoid in any low carbo 


alloy. The maximum concentration of carbon which can be induced 
in the peripheral parts of the steel by carburization depends wholly 
on the temperature no matter what gaseous carburizing medium 1s 


8R. J. Cowan, “Continuous Carburizing by Gas’, Metal Progress, Feb., 1932. R. | 
Cowan, “Heating or Annealing’’, Metal Progress, Jan., 1934. R. J. Cowan, “Recent 
Progress in Gas Carburizing’’, Metal Progress, Oct., 1933. 

*R. G. Guthrie, “Carbonization of Steel with Gas’’, Metal Progress, Nov., 1931 

SH. W. McQuaid, ‘‘Gas Carburizing”’, Metal Progress, July, 1934. 
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oved assuming, however, that the gas is maintained saturated 


respect to carbon Thus at temperature T the maximum carbon 
centration obtainable by carburization is indicated by | The 
inerature therefore is a definite criterion of maximum carbon con 


t assuming we know the position of the Acm line E B of. the 


rticular steel under consideration 


[he second factor, the carburizing atmosphere, determines 


} 
| 
i 


ether this maximum concentration on peripheral sections may bi 


nO 
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id/ 
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Temp CSS 





Carbon Per Cent —> 


Fig. 4—Sketch of Eutectoid Portior 
lron-Carbon Diagram 


ttained. Time-diffusion, a third factor, 1s the one which ts mainly 
sponsible for conveying the carbide (or carbon) away from th 
rface of the steel. 
he effect of carbon concentration in carburizing gases has been 
liscussed by Sykes.* Thus in the case of methane (CH,) it 1s 
ssumed that as the volume per cent methane in equilibrium with 
irbon and hydrogen by pyrolysis at 800 degrees Cent. (1470 degrees 
ahr.) is 10.0 per cent, and as iron will hold in solid solution at 800 
egrees Cent. (1470 degrees Fahr.) about 1 per cent carbon, then 
he vapor pressure of the carbon in this austenite should be equal 


» the vapor pressure of the carbon in the atmosphere CH,/H,/¢ 


ntaining 10 per cent methane. This follows since both gaseous 
nd solid components are completely saturated with respect to carbon, 
nd there can be no tendency for interchange of the element between 
two systems. 
It is further assumed that at a given temperature the vapot 
ssure of the carbon in an austenite containing but one-half the 


W. P Sykes, “Carburizing Iron by Mixtures of Hydrogen and Methaue TRANSACTION 
in Society for Steel Treating, Vol. 12, Nov., 1927, p } 
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carbon necessary for saturation is equal to the vapor pressure of 
carbon in the CH,/H./C atmosphere in which the concentratio: 
methane is one-half that required for equilibrium in the syst 
hus carburization of a plain carbon steel at 800 degrees Cent 


degrees Fahr.) in a CH 


/H./C atmosphere containing 5 pet 


methane by volume would lead to a maximum peripheral carbon « 
tent of 0.5 per cent. To summarize, the carbon in the steel suri 
may be controlled by the concentration of the hydrocarbon in 
hydrogen atmosphere Hence if high temperatures are used, wl 
the rates of carburization and diffusion are rapid the maximum 

bon concentration at the surface can be controlled by limiting 
hydrocarbon addition to the hydrogen. 

\ fourth factor is the diffusion of the carburizing gas into 
steel whereby the carbon is deposited in situ within the periphet 
parts of the alloy McQuaid’ in a recent article casts consideral 
doubt on the possible mechanism of such a reaction and appears 
consider that “atomic carbon” liberated at the gas-metal interfac 
provides the only means of carbon interchange from gas to metal 

lt is difficult to understand why the simple interface reacti 
(for methane ) 

3Fe + CH, <= Fe3C + 2H: 
should not be accepted Further, there does not appear to be sufh 
cient evidence to dismiss carbon monoxide as an extremely slow a1 
poor carburizing gas, although the writer is in complete agreement 
with McQuaid’s enthusiasm for the use of hydrocarbon gases fo! 
rapid carburization. 

With regard to the diffusion of carburizing gases into the bod) 
of the steel the writer is not aware of any data which definitely an 
swers this important point. On the question of decarburization it 1s 
believed that evidence was provided (in the author’s cited paper® at 
the Detroit Convention 1933) to demonstrate the contention that 
decarburization is partly accounted for on the supposition that th 
carbon reaction takes place within the steel as well as at the gas-iro! 
interface (see author’s closure to discussion). The argument 
based on the theory of Fick’s law of diffusion. 

\ssuming that the experimental data correctly permitted th 
deduction outlined above there appears good reason to believe that th: 


converse can hold true and that carburization by gaseous diffusion 


can occur. 


TH. W. McQuaid, ‘‘Gas Carburizing”’, Metal Progress, July, 1934 


Sloc cit. 








.CTICAL DATA ON CARBURIZING AND ON ANNEALING HI 


loidias (CARBON STEELS 
“ath 
Syst yiscussion of the heat treatment in controlled atmospher 
it be concluded with data and illustrations under the followin: 
per « tions : 
bon l Surface carburization ot low carbon steels 
| suri 2. Surface recarburization of high carbon steel 
n in 3. High carbon steel anneal in pure dry hydrocarbon 
d, wl 
lum « 1. Surface Carburization of Low Carbon St 
iting 

In the fabrication of low carbon steel sheet it 1s common to find 
into tl hat practically all the carbon has been removed from the surface ot 
eripher the sheet. This was recorded and illustrated in the first section of 
giles the paper. When it 1s required to galvanize the metal it is stated 
pears it this surface decarburization does not permit the production of 
snterfac “tight coat,” and hence it is desirable to recarburize slightly. th 
metal urface layer. 
rr In order to pursue the general trend of bright normalizing so 


to eliminate pickling, experiments were conducted with a view to 
letermining what success could be achieved by attempting to surtac 


6 recarburize concomitant with rapid continuous type bright normal 
ee sun 


ry< 
? y 
bisn 


slow al . 

Che sheet was introduced into the furnace tor a pre-determined 
yreement 7 E 
time and rapidly cooled in the manner described early mm this paper 


ases [01 


(he atmospheres used included mixtures of butane gas and disso 


the | ciated ammonia with and without additions of water vapor hic 
ol Teren' 


‘tel ite of recarburization was so rapid that it was decided to note the 
itely an 


tion it onditions under which ordinary carburizing could be ettected up 

On It Is ‘ : . , 

. ) an extent approximating the thickness of the sheet which was 

aper® at 

ager ).040 inches. 

10 lal ; : 

that tl lhe results are best shown by illustration, giving metallographi 

iat the RE Sa de 

, ections of sheets under various conditions. Fig. 5A-51) shows tout 

gas-iron ; oa 

; tlerent sections at LOO diameters of magnification. 

iment 1s om 
Using dry dissociated ammonia-butane mixtures, very satis 


tory surface recarburization was obtained with 2 per cent butane 


itted the 
- that the 
diffusion 


intained 3 minutes at 960 degrees Cent. (1760 degrees Kahr.) and 
3.5 per cent butane at 945 degrees Cent. (1735 degrees ahr.) tor 
minutes. With 6 per cent butane at 945 degrees Cent. | 1735 degrees 


thr.) for 1 minute the peripheral carbon content appears to be 1m 
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i Rapid Continuous Surface Recarburization of Low Carbon Sheet 

nitant with Bright Normalizing in Dissociated Ammonia Butane Mixtures 

\ Normalized in Dissociated Ammonia Containing 2 Per Cent Butane 
tained 3 Minutes at 960 Degrees Cent. (1760 Degrees Fahr.). 
Normalized in Dissociated Ammonia Containing 3.5 Per Cent Butane 
tained 3 Minutes at 945 Degrees Cent. (1735 Degrees Fahr.). 
Normalized in Dissociated Ammonia Containing 6 Per Cent Butane 
tained 1 Minute at 945 Degrees Cent. (1735 Degrees Fahr.). 
Normalized in Dissociated Ammonia Containing 12 Per Cent Butane 
tained 3 Minutes at 965 Degrees Cent. (1770 Degrees Fahr.). All 
micrographs X 200 
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1 Fig. 6—Rapid Case Carburizing Under Conditions Simulating Continuous Bright 
i ‘ormalizing in Butane-dissociated Ammonia Atmosphere 
\ Maintained 15 Minutes at 950 Degrees Cent. (1740 Degrees Fahr.) in Di 
sociated Ammonia Containing 8 Per Cent Butane 
B Maintained 15 Minutes at 950 Degrees Cent. (1740 Degrees Fah in D 
sociated Ammonia Containing 10 Per Cent Butane 
( Maintained 20 Minutes at 950 Degrees Cent. (1740 Degrees Fahr.) in Dis 
q sociated Ammonia Containing 10 Per Cent Butane All Photomicrographs 
200 
creasing, but penetration was poor. Complete normalizing has not 
; een effected since the directional effects of rolling are still evident. 
ae s , “ ; igi 
With 12 per cent butane for 3 minutes at 965 degrees Cent (17/0 


egrees Fahr.) a definite “case” is beginning to appear. The results 


+ 


further increase in butane concentration, and time at temperature 





re also recorded by illustration in Fig. 6. With 10 per cent butane 


sutane M 


t 950 degrees Cent. (1740 degrees Fahr.) an extreme peripheral 


D 
oe 


Sutane M 


at of hypereutectoid steel is observed after only 15 minutes. It 
sutane M 


Sutane Man 


All 
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should be mentioned that the sheets were carburized on both surfa 
Sections showing the microscopic features entirely across the sect 
of the sheet are also included. Hig. 7: All sheets were bright 
nealed or normalized concomitant with the surface carburization 


\ theoretical study of probable reactions in this case dep: 


primarily on the pyrolysis of butane more than on the phys 


chemical laws of mass action. However, very little is known of 
pyrolysis at temperatures below 600-700 degrees Cent. (1110 
degrees Fahr.), and there does not appear to be any available int 
mation on temperatures used in the metallurgical annealing operatio 
herein considered.  lurthermore, a change 1n space rate profoun 
affects the products of pyrolysis. In the above tests soot deposit 
very limited, especially in low butane concentrations. 

In considering the possibility of inhibiting any soot depositi 
due to pyrolysis in dissociated ammonia-butane mixtures it \ 
thought that water vapor additions would oxidize at least part of th 
free carbon. At the same time it was not certain what effect t! 
addition might have on the bright annealing of the sheets. However 
with the water vapor concentration obtained by saturating the di 
sociated ammonia at 70-80 degrees Fahr., no tarnishing was detect 

It has been stated that hydrocarbons have a much greater cai 
burizing power in the presence of water vapor, and that the we 
known energizers used in carburization do not function unless they 
can be decomposed to liberate oxygen ;” that is, form iron oxide o1 
carbon Oxygen Compt yrunds. 

In the present study it is believed that the moisture-bearin: 
mixtures did carburize a little more rapidly than the dry gases (not 
2 and 3.25 per cent butane for 3 minutes in pressure of water vapor ) 
Kio. 8. 

However, it can be stated that normalizing and surface recat 
burizing can be accomplished consistently in the space of a few 
minutes by use of dissociated ammonia-butane mixtures. Such a1 


atmosphere also provides a satisfactory bright anneal. 


Surface Recarburization of High Carbon Steels 


It is common in the process of manufacture of high carbon 
steels to encounter surface decarburization. In general this may be 
serious due to the need for a hard cutting or abrading surface in 


1G. M. Enos, “The Role of Energizers in Carburizing Compounds, TRANSA 
American Society for Steel Treating, Vol. 20, No. 1, July, 1932, p. 27 
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Fig. 7—-Rapid Case Carburizing Under Conditions Simulating Continuou Br 
rh carbon malizing in Butane-dissociated Ammonia Atmosphere 
. \. Normalized but not Subject to Carburizing Atmosphere 
IS may be B. Normalized 3 Minutes at 965 Degrees Cent. (1770 Degrees Fal n Dissociate 
‘ Ammonia Containing 12 Per Cent Butane 
surface 1 ( Normalized 15 Minutes at 950 Degrees Cent. (1740 Degree Faht n Di 
: sociated Ammonia Containing 8 Per Cent Butan 
1) Normalized 20 Minutes at 950 Degrees Cent. (1740 Degre bal 1) 


ociated Ammonia Containing 10 Per Cent Butane. All Photornicrograph 
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Fig. 8—Rapid Surface Recarburization in Butane-dissociated Ammonia Atmospher 
Containing Water Vapor The Sheets were also Normalized and Bright Anneal 
this Treatment 

A Maintained 3 Minutes at 960 Degrees Cent. (1760 Degrees Fahr. 

sociated Ammonia Containing 2 Per Cent Butane and Water Vapor 

B Maintained 3 Minutes at 950 Degrees Cent. (1740 Degrees Fahr 

sociated Ammonia Containing 3.25 Per Cent Butane and Water Vapor 


finished products such as razor blades, files and saws. The d 


where the iron oxide reduces the cementite, the carbon being 
eliminated as carbon monoxide. Another cause arises from the pres 
ence of surface defects in the steel: oxidized seams or oxide incl 
sions near the surface. 

Kxamples of the latter defect taken from file blanks can be ob 
served in the accompanying illustrations, Fig. 9. 

Surface recarburization of these materials has been effected 
butane-dissociated ammonia mixtures in batch anneal type furnac« 


using about | per cent butane during the course of a conventional 


spheroidizing or softening treatment. Limited but definite sootin; 


of the steels was observed during these tests. 
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Fig. 9—Examples of Surface Decarburization Found in File Blanks Prior to a 


Softening Anneal. 


A. Macrophotograph of Section Through 3-Cornered File Blank Polished and 
Etched. x 10. ys an 

B. Microsection Taken From Sample Indicating Pronounced Surface Decarburiza 
tion Due to Presence of Oxide Inclusions x 100 
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It may be reiterated that the maximum carbon content 
can be put back into the surface of the steel depends wholly o: 
maximum temperature of annealing (assuming an atmos) 
saturated with respect to carbon). Thus it is necessary to att 
temperature indicated by the Acm line for the steel in questi 
the carbon content of the surface is to be raised to a concenti 
equal to that of the core. In spheroidizing, the temperature is 1 
tained below Acm, and hence the full carbon content cannot b 
turned by carburization, for carbon transfer ceases as soon as 
concentration is equal to that indicated as equilibrium at the maxin 
temperature used. 

It is uncertain how important is this lack of extra hypereutect 
carbon in the surface as regards the physical properties or hard: 
of the surface. 

The character of the surface of the steel to be annealed app 
also to have a definite influence on the reactions taking place at 
vas-metal interface. It seems well, established that marked deposit 
of soot interferes with the rate of carburization. Jominy’® states 1 
“the carbon black that is precipitated is quite inactive, and tests hay 
shown that it will not carburize a plain carbon steel in one hour 
exposure, until temperatures higher than 1260 degrees Cent. (2300 
degrees Fahr.) are reached.” The same writer also makes reiere1 
to the effect of scale on decarburization. 

The present writer’s observations confirm the assertion that the 
presence of an oxide film on the steel can have a definite effect 


carburization and decarburization. Thus it is frequently found that 


the treatment of an oxidized surface resulted in an increase or « 

decrease in the peripheral carbon content of the steel even when no 
change could be discerned by microscopic examination of th 
peripheral parts of machined, oxide-free surfaces of the same pieces 
of steel. To summarize, there is reason to believe that preoxidatio: 
of the surface of steel greatly facilitates subsequent carburization 01 
decarburization of that surface when the gas concentrations ar« 
altered but slightly from those required to prevent any interchang 
of carbon at the gas-metal interface. The problem is complicated, 
and with our present limited knowledge it is unwise to be dogmati 
on the matter. 


wW. E. Jominy, “The Surface Decarburization of Steel at Heat Treating 
tures’’, University of Michigan Engineering Research Bulletin, No. 18 
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High Carbon Steel Annealed m Pure Dry Hydrogen 


[he commercial anneal of high carbon steels in pure dry 
rogen appears to merit consideration. For many years there 
ears to have been a divergence of opinion on the relative de 
rburizing power of pure hydrogen and hydrogen containing water 
or. Recent published work" by the writer has provided specific 
ta on the role of water vapor on the surface decarburization of 
els in a hydrogen atmosphere, at 800 degrees Cent. (1470 degrees 

Mahr.). This temperature was selected as approximating that used 
the spheroidizing anneal of high carbon steels. 

It was demonstrated that the “pure gas” has a definite but 
<tremely limited decarburizing power on hypereutectoid steels, and 
hat as the water vapor content of the moist hydrogen gas 1s in 

ased (except in very low concentration) the decarburizing power 
; also profoundly increased. In very low concentration (10 mill 
erams water vapor per cubic foot hydrogen) the presence of the 
water vapor appears to reduce further the limited decarburizing 
power of the dry gas. 

Metallographically this effect is clearly demonstrated in the ac 
ompanying two sets of microstructures of the surface of a plain 
irbon and a 1.5 per cent chromium steel subjected to the atmos- 
phere indicated at 800 or 750 degrees Cent. for 55 hours. (Figs. 10 
ind 11.) 

Some commercial tests following the above fundamental research 
ire illuminating. The tests were conducted on high carbon steel rod 
using dried dissociated ammonia as the most convenient source of 
‘pure hydrogen” (hydrogen free from water vapor or other oxygen 
earing gas). The cracking unit was described by Berliner more 
than two years ago in Metal Progress. It is essential that the dis- 
sociating unit is maintained in good condition so that free ammonia 

not liable to pass over into the annealing chamber with the conse- 
uent possibility of nitriding. 

The general arrangement of the charge in the form of %-inch 
led wire is illustrated in Fig. 12. The distribution of several 
round cylinders may also be observed. 

Under proper running conditions dissociated ammonia 1s prac- 

ally free from moisture, but a conditioned activated-alumina tower 

s added to ensure low moisture content. This permitted the gas 


‘oc. cit. 


1D ( ) Mg. Mp0 H Sstureted us 
per Cu.Ft H Water Vapor 


Photomicrograpl Illustrating the Role of Water Vapor in the Dec 
Plain-Carbo steel by Hydrogen Carbon 1.11 Per Cent and Mangan: 
it SOO Devrees Cent. (1470 Deerees Faht 
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11—-Photomicrographs Illustrating the Role of Water Vapor on the Decarbur! 
tion of Chromium Steel by Hydrogen S.ALE 52100 Steel Carbon 1.07 Per Cent 
Manganese 0.31 Per Cent, Chromium 1.42 Per Cent Held 55 Hours at 800 Di 
Cent. (1470 Degrees Fahr.) 


to be dried so that a dew point of —-00 degrees Fahr. (about | mil 


vram of water per cubic foot) can readily be obtained 
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Fig. 12—Commercia! Spheroidizing Anneal of High Carbon Steel Wire in Dried 
Dissociated Ammonia Whereby Surface Decarburization is Prevented 


lwo test runs were made. In the first the coil consisted ot cat 
1 drill rod stock 11) the hot rolled pickled condition Pieces Ot drill 
od and Berkshire rod, ground free from any surface decarburization, 


ere also distributed throughout the charge. The drill rod contained 





out O.1 per cent chromium and nickel, and the Berkshire rod about 
§ per cent chromium and 114 per cent tungsten. Both steels con 
ned about 1.2 per cent carbon. The charge was held two hours at 
laximum temperature of 775 degrees Cent. (1430 degrees Fahr. ) 


During the course of the test it was noted (by dew point de- 
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arburization Occurring When the Spheroidizing 
ssociated Ammonia) Containing Appreciable Amount 


Annealed in) Dissociated Ammonia Atmosphet 


B Serkshis rill Rod Annealed in Dissociated Ammonia Atmosphere 


Fig ; and Efficient Spheroidizing Anneal in Dry Dissociated Amm 
No Surface Decarburization can be Detected. 

ic Carbon Drill Rod x 500 

D Berkshire Drill Rod x 500 














—_—___ ition of effluent gas) that the moisture content approxtnated 
f 
om an lerams of water vapor per cubie toot lt was considered that 
MP & , 
LS due to the reduction ot the surtace tilm of oxide on the coil 
ny * 1 
e. insufficient pickling Deearburization was to be expected 
es, cal and metallographic analysis contirmed thi he photo 
Aas rographs show. slight deearburization im both sets of vground 
mT ; ’ , 
Yesipn role No chemical data is given. tig. 138 A and B 
D> i? « 7 
: thre econd {esl cols of Berkshire dri] rod teel care Wal 
ed that the hot-rolled coils were pickled tree trom: seale so 
there was little oxide present i the charge to permit the forma 
| of water vapor in any appreciable quantity \ similar annealing 
was used Fest on the effluent gas mdicated much vreater sud 
in keeping the mortsture content down to lO milligrams per cubie 
. 
he results of both chenneal and metallographic analyses on thi 
| test are pre sented tor examination 
i 
lable Il 
Carbon Tests on Ground Pleces (Second Vest Run) 
e's Aa Carbon Drill Rod 
en ; 1.600 Inches Round 
Ds t carbon of imples a ubmitted wa | 1 per el inta it ot O.O10 
. 1 itt il i 1 
Vey’ . Carbon Analysis After Anneal 
{ 1% 1.20 1.21 hed 
l I | | ) 
Berkshire Drill Rod 
0.670 Inches Round 
tace irbor i! le \ ubmitted wa ] 1 oa 
Carbon Analysis After Anneal 
1.20 1.21' 1.22% 
t 0 ] 0 l ) ] % 
Palle ’ ; Be 
lable LL gives the chemical data on the ground rounds which were 
wh to be free from decarburization before annealing It will be 
d that surface decarburization was still absent after the anneal 
nount otomucrographs of a sample from each steel coniirms this obser 
here LlOn lig 13 ¢- and 1) 


Ammo 
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Table Ill 
Carbon Tests on Rolled Steel Coils (Second T: 


ferkshire Drill Rod Carbon lest 


step of in Outside End 
0.010” Before Atter 
n Diam \nnealing 

cut 

ut 

ut 

ut 


ut 
ut 
cul 
ul 


ut 
curt 
it 


it 
ut 
ut 





The data in ‘Vable [IL also provides chemical analyses fro 
ferent parts ol the charge tor the hot-rolled pickled Berkshire 
lt may be noted that the carbon concentration gradient is less 
the anneal than betore Chis is due to diffusion of carbon fron 


interior. 


DISCUSSION 


R. J. COWAN the paper Dr. Austin has presented ts valuabl 
brings to us a broad survey of the general subject of bright annealing It cd 
specifically with bright annealing of steel, and refers to carburizing and 
special heat treatments that are indeed very interesting. In this broad survey 
of the subject he mentions also the annealing of nonferrous metals and sug; 
a number of things that raise questions in my mind. 

In the solution of problems of this kind, we pay great respect to th 


who carry on the essential fundamental observations, but when we com 


reduce these to practical operation, we find many things that are pretty dif 


Che fine interest that is shown in this matter of heat treatment in cont: 
atmospheres is certainly very commendable at this time, but it seems to r 
itself into a problem of how to work the matter out. The interesting thu 
that when we come to reducing these ideas to practice the little appari 
insignificant things are of great importance. Dr. Austin has mentioned 
bright annealing of brass and nonferrous metals. We naturally would t 
that the thing to do would be to pick out a gas composition from the books 


reproduce that composition and everything would be set. Unfortunately 


‘Metallurgical engineer, Surface Combustion Co., Toledo, Ohio 
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a starting point. While, as I have said, we must pay great respect to 
en who have done the fundamental work, working these things out prac 
is many times extremely difficult and holds the key to the whole situa 
So when we are considering this problem, it has to be considered not 
Beto from the standpoint of particular atmospheres employed, but how these 
pheres are to be employed. One illustration comes to mind in connection 
O08 h the use of methanol for bright annealing brass in a flue gas atmosphere 
re you would naturally think that the atmosphere requirement would be 
0 le—only flue gas and menthanol. When we attempted to do this in prac 
10 | shop operation, we found by using a heat resisting alloy muffle that the 
ired reaction took place on the walls of the muftle rather than on the metal 
OS we were interested in, and we had then to go back and work out something 
connection with the alloy to enable us to get the desired results This is 
” ly one illustration of the idea that I am speaking of, for in the bright anneal 
f all these different metals, referred to, there are little practical kinks 
12 methods of introducing the gas—particular alloys used, and so on, that have 
much to do with satisfactory operation as the particular atmosphere used 
lhese considerations are fundamental to the operation of these processes. There 
vill be many disappointments if more attention is not given to this phase of the 


itter 


a a nla 


\. B. Kinze_:* Recent work on bright annealing, both from laboratory and 
; from dit shop standpoint, leads to the conclusion that these equilibrium diagrams may 
echir, be directly applied to production work. This is not intended to imply that 
the equilibrium diagrams are in error, but rather that the conditions in bright 


annealing applications are so complex that they cannot be accurately postulated. 


trom the This leads to the thesis that the gases to be used for bright annealing should 
e oxygen-free, and this includes freedom from compounds of oxygen as well 
is molecular oxygen. We also contend that due to the complexity of condi 
tions, carbon compounds should be avoided in bright annealing work. One 
= ras Which we have successfully used 1s a mixture of hydrogen and nitrogen in 
a It deal proportions varying according to the case desired, but generally of the order 
aii eal, 4 magnitude of 90 per cent nitrogen and 10 per cent hydrogen. Moreover, the 


Saal ta vas 1s free of molecular oxygen, and the CQsz is sufficiently low so that it can 
oad survey 3 , 7 . ane ; ia 
ot be detected with barium hydroxide. The question of moisture in such gases 


ind suggest ; ; , : 
lepends upon the rate of cooling of the work. If the rate of cooling 1s very 
— low, very small amounts of moisture may be quite damaging, and the gas 
oO le mel ‘ , : 5 ‘ » ° 
| should be dried to the order of magnitude of one-tenth of a grain of moisture 


we come t j 


ty dificnl per cubic foot. | . | 

= amie lhe author mentions the fact that cracked ammonia results in decarbur 
aerate ation in certain instances. For some types of work, this is not undesirable, 
tier thine but when material is subject to a deep drawing operation, decarburization in 
apparent reases the tendency to produce stretcher-strains and is therefore not permissible 
ntioned the \nother factor involved is the etching effect of gases with high hydrogen con 
eel titel itration, and this must be given careful consideration. Unfortunately, it 
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Alas a eS not seem to correspond with any theoretical data available. 
illite teas lhe author’s implication that it might be well to anneal stainless steel 
the object of obtaining a tarnished, although not scaled, surface is in- 


Metallurgical engineer, Union Carbide and Carbon Co., New York 
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llowever, itis much more ditheult to pickle such a 
re heavily oxidized one, so that the commercial aspect of such 

not particularly encouraging 

\bout a year ago, it was mditcated that decarburization by hydrog: 
be at a minimum with an optimum moisture concentration, this optimur 
appreciably above zero We are wondering i Dr. Austin has anv turt! 
1 oth ubject 

Author's Reply 

l would like to begin by thanking the speakers for contributing t 
cussion on this orally-presented paper lt is untortunate that the p 
not submitted im time to permit preprinting as | have had time only te 
ome of the more iunportant teatures ot the subject 

Mr. Cowan naturally emphasize ome ot the practical aspects of t 
but when he has had the opportunity to review the paper | feel that 
wree that this phase of the subject has not been entirely neglected 
uiticipated that Mr. Cowan would speak ot annealing brass, and reference 
work has been made im the paper 

We have had considerable contact with the commercial side of thi 
and soon concluded that i it were going to be practicable to bright annea 
under commercial conditions it might be well first to determine on an ¢ 
mental basi what those conditions should be { p to the present, w 
work with which | have been associated, the LOO per cent bright anneal 
even ou the so-called test-tube scale, has not been satistactortly accomp! 
| am aware that Mr. Cowan suggested some time ago in a publication 
introduction of methanol resulted im a satistactory bright anneal but 
Mr. Cowan now tinds that on an industrial scale at least it 1s unsatist: 

there are many tactors with reterence to the gas atmosphere 
into the problem, and to comment generally, | suspect that the trend 
annealing will be toward gas-tight turnaces and Inighly pertected gase 
dealing with batch type anneal. On turning to continuous anneal we se 
have another problem because design, or lack ot same, does not yet permit 
mas economy and consequently an expensive gas is out of the question 

There are some points raised by Dr. Kinzel to which | should lke t 
reference He appears to state that no carbon compound should be present 
the bright anneal of steels. It should be stated an important phase ot this w 
is the section which demonstrates that the introduction of certain concentrat 
ot hydrocarbons into a reducing atmosphere leads to a desired controlled 
face recarburization concomitant with true bright anneal 

With reference to the etching effect of hvdrogen | do not believe 
have encountered this trouble so trequently as have other imvestigators 
in big. | the muirror-like surtace ot the annealed sheets 1s indicated | 
pertect reflections observed 

ln a previous paper, as Dr. Kinzel mentions, it was suggested that min 


decarburization was obtained with a sheht but definite concentration ot w 


vapor m hydrogen his referred specifically to a temperature of 800 dé 


Cent.. and check runs were made to confirm the observation No turther 


are available on this subject but it is hoped to conduct a similar experiment 


analysis at considerably higher temperatures 








an ; OXIDATION OF A LOW CARBON STEEL IN THE 
TEMPERATURE RANGE 1650 TO 2100 
DEGREES FAHR. 
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tiny 

Cae By CLARENCE A. SIEBERT AND CLAIR UPTHEGROVI 

Abstract 

© pay 1 paper prese nied at the I4th annual convention of 

le & e American Society for Steel Treating by U pthegrow 
md Murphy (1) gave data on the scaling of S.A, 1020 

of 1 steel in atmospheres of air, oxygen, steam, and carbon 

that lioxide. They reported unexpected deviations m the tem 

a] perature curves for both oxygen and air between IS00 

en nd 2000 degrees Fahr., and pointed out that these devia 

mis were accompanied by the formation of blisters on 

of 4 he surface of the steel. The present research was un 

eines lertaken to further investigate these phenomena by a 

non 4 study of the effect of temperature, time, and partial pres 

< o sure of oxygen in the scaling atmosphere im the tempe 

eal of Mure reqton lod0 to 2100 degrees leahr. 

ccomy 

tion that t LLITERATURI 

nut Tb 


REVLOUS researches on the general subject of sealing have 


Istactor p 
which com been reviewed in previous publications from this laboratory |) 


nd in bright \lurphy, Wood and Jominy (2)* and Upthegrove and Murphy (3) 


— < \ brief survey of those publications which have a direct bearing on 


W CC . ° ° 
investigation will be given here. 


veermiut 

oe \ large number of empirical researches giving actual scaling 
like to mal ata have been reported. For the most part the investigators havi 
¢ present of ised gain in weight as the criterion of scaling, a condition which 
of this worl es not always permit ready comparisons with the data obtaimed 


meentrat . : . : 
trolled this investigation in that the scaling was determined as loss m 
Mroted 7 


1 


veight. Other than from the standpoint of the differences in the 


terion of scaling, practically none of these researches have a direct 


‘heve t! 

tors hu bearing on the present study, since the temperatures used do not 
id by 7 : * . ; 

ated cover both the zones of increasing and decreasing scaling effects 

‘at minis ‘The figures appearing in parentheses refer to the bibliography appe nded to thi 


on ot W 
\ paper presented before the Sixteenth Annual Convention of the Society 


SOO legre ‘ : . : 
. d in New York City. October 1 to 5, 1934. Of the authors, Clarence A 
turther dat ert is associated with the Metal Products Division, U. S. Rubber Co 
‘xperiment it, and Clair Upthegrove is Professor of Metallurgical Engineering, Un 


tv of Michigan. Ann Arbor, Mich. Manuscript received June 20, 1934 


18, 








1&8 LR NS OF TTI \/ 


observed by | pthegrove and Murphy, or ditferent atmospher 


used. Schroeder (4) using loss in weight as the measure of 
reports an merease m sealing im combustion atmospheres on. it 
ing the temperature from 1LO50 to 2190 degrees Fahr. (900 ¢. 
degrees Cent.) as do Upthegrove and Murphy trom 1500 4 
degrees leahn (S15 to LOdO degrees Cent.) his, however, 
be expected from the behavior of carbon dioxide and water 
curves reported by Upthegrove and Murphy (5) 

Hemadlhoter and Larsen (6) derived an expression for tl 
fect of time on sealing by means of differential equations and art 
at the conclusion that the oxidation was proportional to. the 
root of the time hey assumed a constancy of membrane striv 
which was not confirmed in the present tvestigation Phey 
ever, investigated scaling over comparatively long periods of 
heir experimental data at 1020, 1110. 1830. 2010 degree: 
(990, OOO, TOOO and T1100) degrees Cent.) deviated consider 
trom the theoretical equation hey postulated that the interf 
the various layers was composed ot the mixed phases, tha 
leet) bre ( , o lve Ao le) , and that the lavers thenarse 
were composed of the single solid solution beginning with FeO 
the outer layer, Fe,Q, in the middle layer, and FeO in the inner lay 
Cher photomicrographs presented do not appear to offer cont 
tion of this statement 

Several theortes have been advanced to account for the mech 
amism ot oxidation Milling and Bedworth (7) suggested that 
continued oxidation of a metallic surface occurred by reason o| 
diffusion of oxygen inward through. the previously tormed layes 
ot seale Lhe seale had to expand outward because of the greater 
volume of the oxide compared with that of the metal. This nec 
sarily assumes plastic properties for the scale, an assumption whicl 
however, has been a point of serious objection 

kedotjev and Vetrenka (8) advanced the theory that the alt 
nate formation and reduction of higher and lower oxides of 
were responstble tor continued oxidation. In their mechanism the 
considered that FeO was formed first and then oxidized to FeO 
Phe Fe,QO, was then reduced by the iron in contact with it to Fe 
so that additional iron was oxidized in this process The FeO w 
oxidized again to Fe,O, and the process repeated 

teil (9) proposed a mechanism involving a double diffusior 


process, that 1s, the diffusion of oxygen inward accompanied by 
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d ditfuston ot some torm ot iron this does not require 
Je to have extreme plastic properties. In his investigations 
hown that scales of ditferent trom contents can react with one 
that is when two samples of scale whose average iron con 
were in-excess of 72 per cent were heated im a vacuum or in 
ed nitrogen, an exchange otf oxygen occurred until both sam 
had the same analysis likewise when a large amount ot oxy 
rich seale was used so that the average iron content was less 
per cent, the iron-rich seale deereased in iron content to 72 
nt when the reaction stopped. Raising the temperature had no 


on changing the compositions of the two seales 
\ieruop 


Phe method used im this investigation was cssentially the same 
ed by Upthegrove and Murphy (10) Che samples were heated 

electric furnace of the Globar type which contamed a glazed 
lain tube 40 inches long and approximately two mehes m diam 

One end of the tube was sealed with a two-hole retractory 
per through which the gas let tube and thermocouple protec 
tube was led. In order to avoid sealing during the mtroduction 


the sample imto the turnace or during the time required tor 


j 


bilizing the furnace temperature, the furnace was first thoroughly 


hed with purthed nitrogen Phe flow of mitrogen was then con 
nued while the sample was bemg introduced and the turnace 
ught to the predetermimed temperature Phe nitrogen was then 
off and the sealing agent turned on \t the end of the sealing 


] 


od the oxidizing agent was cut off and the thow of purthed nitro 


wain turned on he sample was nmecdtiately withdrawn and 


enched in distilled water he sample was suspended in a chrome! 


re boat during the run aff was placed so that it was centered im 


furnace one quarter of an inch below the thermocouple bead 
Che atmospheres used in the studies were mixtures ot oxygen 


nitrogen im varying ratios Phe total volume of the gas was 


ch that a linear velocity of thirty feet per minute was maintamed 


e atmospheres were obtained by adding oxygen or nitrogen to 


air, depending upon whether greater or smaller percentages ot 
veen than that in the air were desired \ll gases were caretully 
ried by passing them through trains consisting of calcium chloride, 


irite, and dehydrite tubes to atfect removal otf CQ. and water 
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vapor. The flow was measured by means of flow meters of the fric- 
tion type which were calibrated against a Sargent wet test meter. 
Gas analysis was used as a check on the computed percentages from 
the flow meter readings. 

While the greater part of the scale always split off in the quench- 
ing operation, the small amount adhering was removed in an electro- 
lytic stripping bath. The sample was then washed, dried, and 
weighed. The loss in weight was expressed in terms of* pounds per 
100 square inches of original surface. The scale that split off was 
filtered, dried, and analysed for ferrous and total iron. 


The samples used were 2% inches long and 5 inch in diam- 
eter, after machining and polishing through OO emery paper. The 


analysis of the steel used was: 





Carbon 0.20 Per Cent 


Manganese . 0.45 
err 
a 


PROMBMOTUS ..0.6sccs 0.017 





















RESULTS 





The scope of this investigation was limited to the influence of 
temperature, time, and partial pressure of oxygen in the oxidizing 
vas. ‘The effect of the variation of gas velocity was not studied, for 
increasing the flow above five feet per minute does not affect the 
scaling loss. 


Effect of Variation of Temperature 





The data which were obtained when the temperature of ex 
posure was varied from 1650 to 2100 degrees Fahr. (900 to 1150 
degrees Cent.), using air and oxygen as the scaling media, are sum- 
marized in Fig. 1. Both curves show regions where the amount of 
scaling is actually lowered by increasing the temperature, the effect 
being more pronounced when air is used as the oxidizing medium 
than when oxygen is used. In air the scaling loss reaches a maximum 
at 1850 degrees Fahr. (1010 degrees Cent.) and a minimum at 2000 
degrees Fahr. (1095 degrees Cent.), while in oxygen a maximum 
is reached at 1900 degrees Fahr. (1040 degrees Cent.) and a mini- 
mum at 1950 degrees Fahr. (1065 degrees Cent.). The chemical 
composition of the scales formed shows a similar trend in ferrous 
iron content. This is indicated in Fig. 2, where ferrous iron is 
plotted against temperature. A maximum ferrous iron content occurs 
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at 1775 degrees Fahr. (970 degrees Cent.) and minimum at 2000 
degrees Fahr. (1095 degrees Cent.) when air is the oxidizing agent. 
For the scale formed in oxygen, maxima occur at 1800 and 1975 


Rate of Flow 30 per min. 
Time et Jemp. 1hour 
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Fig. 1—Effect of Variation of Temperature on 
the Scaling of S.A.E. 1020 Steel. 
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Fig. 2—Effect of Variation of Temperature 
on the Composition of the Scale. 
degrees Fahr. (980 and 1080 degrees Cent.) and minima at 1950 
and 2000 degrees Fahr. (1065 and 1095 degrees Cent.). 

These data obtained by Upthegrove and Murphy (11) are sum 
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marized in Fig. 3. A comparison of their results with those ob- 
tained in the present investigation shows certain differences to exist. 
They found in 2-hour scaling periods that the maximum scaling 
loss in air was reached rather abruptly at 1800 degrees Fahr. (980 
degrees Cent.) and had fallen off considerably at 1900 degrees Fahr 
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Fig. 3—Effect of Variation of Temperature on Scaling of S.A.E 
1015 Steel. 


(1040 degrees Cent.). The present investigation, using a 1-hour 
period, shows the maximum to occur at 1850 degrees Fahr. (1010 
degrees Cent.), with equal losses in weight at 1800 and 1900 degrees 
Fahr. (980 and 1040 degrees Cent.). Their work showed a retarda- 
tion in oxygen at 1800 degrees Fahr. (980 degrees Cent.) while the 
present work not only shows a retardation at 1800 degrees Fahr. 
(980 degrees Cent.) or slightly above, but actually has a reversal 
at 1900 degrees Fahr. (1040 degrees Cent.). While at first it might 
appear that the differences were due to the use of different periods of 
scaling, the results of 2-hour tests in the present investigation, as 
shown in Fig. 4, clearly indicate this not to be the case. Chemical 
compositions of the steel do not offer an explanation in that the two 
are for all practical purposes identical. 


© Si Mn e S He Oz No 
U-M __ 0.18—0.20 0.17—0.22 0.45—0.48 0.021 0.03 0.00004 0.005 0.005 
S-U 0.20 0.17 0.45 0.017 0.03 0.00002 0.004 0.004 
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Fig. 4—Effect of Variation of Time on the Scaling Loss of S.A.E. 1020 Steel. 
as 
cal A difference, however, does exist in the method of production of the 
wo . two steels. While both are open-hearth heats, the second was rolled 
irom a small size ingot. It is known that differences in ingot size 
Ne produce differences in physical properties and while this seems 
.005 J 


hardly probable it is possible that this may be a factor in the devia- 
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tions observed. The failure of Upthegrove and Murphy to report 
a reduction in scaling with increasing temperature in the oxygen 
atmosphere is more likely due to the fact that they used 50-degree 
temperature intervals rather than 25 degrees and as a consequence 
failed to observe definite indications of its occurrence. Their 1850 
degrees Fahr. (1010 degrees Cent.) point actually fell slightly below 
the line joining the 1800 and 1850 degrees Fahr. (980 and 1010 de- 
grees Cent.) points, but it was not looked on as significant at that 
time. As this stock was completely used up in the earlier investiga- 
tion it was not possible to check this point. 

Upthegrove and Murphy pointed out that the sudden change in 
the curves at 1800 degrees Fahr. (980 degrees Cent.) was accom- 
panied by the formation of blister on the surface of the steel. They 
concluded that the blisters were areas where a higher degree of oxida- 
tion had occurred and due to the differences in specific volume of the 
different oxides of iron these blistered regions had buckled away, 
thereby interrupting the diffusional nature of the scaling process at 
these places. They believed that in time, contact would again be 
made, but in the meantime, the surrounding areas would have scaled 
to a greater extent, thereby creating the base relief pattern of the 
blisters. This will again be considered along with the authors’ idea 
of the mechanism of this phenomenon. 


Effect of Variation in Time 


The effect of increasing periods of time on the oxidation of steel 
has been previously shown to produce data which when plotted re- 
sult in curves of the parabolic type due to the diffusional nature of 
the scaling process. In the temperature range where blistering oc- 
curs it would then be expected that the data would plot as a broken 
curve if a mechanical interruption of the diffusional process oc- 
curred. If no mechanical effect existed a smooth curve of the para- 
bolic type would be expected. 

To determine whether or not such deviations would occur, time 
curves were obtained for oxygen, air, and 13 per cent oxygen at tem- 
peratures where scaling continued to increase with increasing tem- 
peratures and at temperatures where a decrease in scaling occurred 
with increasing temperatures. The effect of increasing periods of 
time on. the scaling under these conditions is summarized in Fig. 4. 


In all cases, the effect of increasing time has been to decrease the 


rate of scaling and all curves are of the parabolic type. 
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The results obtained in oxygen at 1900 and 1950 degrees Fahr. 
(1040 and 1065 degrees Cent.) for periods of time up to four hours 
show that within the limit of time used there is no tendency for the 
rates of scaling to approach each other. Instead the decrease in the 
amount of scaling actually increases with increasing time. The in- 
crease in scaling losses in oxygen over those occurring in air also 
become greater at these temperatures as the time of contact is in- 
creased. 

The study of the effect of time on the oxidation in air was car- 
ried out to six hours. Up to periods of four hours the curves rise 
rather rapidly with increasing time. Between four and six hours, 
however, the curves for 1750-and 1800 degrees Fahr. (955 and 980 
degrees Cent.) tend to level off, while the curves for higher temper- 
atures continue to rise at a practically unchanged rate with increas- 
ing time. A comparison of the scaling losses at the end of six hours 
with those at the end of one hour (Fig. 1) shows some changes in 
the form of the reversal. At the end of one hour at 1800 and 1900 
degrees Fahr. (980 and 1040 degrees Cent.) equal losses in weight 
occur, and at 1950 degrees Fahr. (1065 degrees Cent.) a higher loss 
is found than at 2000 degrees Fahr. (1095 degrees Cent.). At the 
end of six hours, however, the loss at 1900 degrees Fahr. (1040 
degrees Cent.) is slightly greater than at 1800 degrees Fahr. (980 
degrees Cent.), and at 2000 degrees Fahr. (1095 degrees Cent.) 
exceeds that at 1950 degrees Fahr. (1065 degrees Cent.). Scaling 
loss at the end of one hour at 1800 degrees Fahr. (980 degrees 
Cent.) is greater than at 2100 degrees Fahr. (1150 degrees 
Cent.). The retardation effect with increasing time is greater at 1800 
than at 2100 degrees Fahr. (980-1150 degrees Cent.) with the result 
that at the end of two hours the scaling is slightly greater at the upper 
temperature. This result is in agreement with the two-hour runs of 
Upthegrove and Murphy. Further increase of time up to six hours 
produces similar results with the rate of scaling at 2100 degrees 
Kahr. (1150 degrees Cent.) continuing to increase over that at 1800 
degrees Fahr. (980 degrees Cent.). 

The results obtained by scaling in an atmosphere containing 13 
per cent oxygen at 1800 and 2000 degrees Fahr. (980 and 1095 de- 
grees Cent.) show that the rates of scaling for periods up to two 
hours are slightly greater than in air at these temperatures. As the 
time is increased the retardation effect becomes more pronounced 
tor the 13 per cent oxygen than for air, and the rate of scaling at 
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both 1800 and 2000 degrees Fahr. (980 and 1095 degrees Cent.) falls 
below that for air. 

In interpreting the results of the time studies the question of 
whether or not the data point to the elimination of the reversal in 
the scaling or to its continuance with increasing periods of time oc- 
curs. While some of the above results seem to point very definitely 
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Fig. 5—Effect of Time on the Composition of the Scale. 


to a smoothing out of the temperature effects, others indicate very 
definitely that this cannot happen unless the time is extended well 
beyond any of the heating periods employed in practice and possibly 
not then. 

The scale analyses on the time runs are summarized in Fig. 5, 
where ferrous iron is plotted against time. For temperatures below 
1950 degrees Fahr. (1005 degrees Cent.) the ferrous iron content 
decreases with increasing time, and above 1950 degrees Fahr. (1065 
degrees Cent.) the ferrous iron content increases with increasing 
time. At 1950 degrees Fahr. (1065 degrees Cent.) the ferrous iron 
content reaches a maximum at three hours. 

A study of the surface of the scaled samples appears to offer a 
partial explanation for these effects. Specimens that were scaled for 
different periods of time in air at 1950 degrees Fahr. (1065 degrees 
Cent.) are shown in Fig. 6. The roughening of the surface, which 
is related to the occurrence of blistering, makes its appearance almost 
instantly, in fact is unmistakable on samples subjected to the scaling 
medium for only five minutes. This roughening which is very ap- 
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parent in the 15 minute samples of Fig. 6 increases with increasing 
time and at the end of six hours the entire surface has been affected. 
The progressive effect with increasing time is found at all of the 
temperatures studied, and can account for the falling off in the 
ferrous iron content with increasing time at 1750, 1800 and 1900 
degrees Fahr. (955, 980 and 1040 degrees Cent.), as the blistering 





Fig. 6—Roughening of Surface of Sample Scaled in Air at 1950 Degrees Fahr 
for Periods of Time Varying from 15 Minutes to 6 Hours 


is accompanied by the higher degree of oxidation. It does not ex 
plain, however, the rise in ferrous iron content with increasing time 
at 2000 and 2100 degrees Fahr. (1095 and 1150 degrees Cent.). 
The possibility that at these upper temperatures all layers of the 
scale do not grow proportionately appears to offer a feasible explana 
tion. If it can be assumed that the inside layer grew faster than the 
outer layers, then the ferrous iron content of the scale would increase 
with increasing time. While not enough data are available to draw 
any definite conclusions in regard to this point, the suggestion of 
nonproportional growth of the different layers is not believed to be 
incompatible with observed facts. 


Effect of Variation of Partial Pressure of Oxygen 


The atmospheres for this phase of the investigation were ob 
(ained by adding carefully purified and dried oxygen or nitrogen to 
purified and dried air. The data obtained are summarized in Fig. 7. 
The curves divide themselves into two distinct groups; those which 
show a rapid rise in scaling with oxygen contents ranging from zero 
to approximately that of air, with a slight but gradual increase from 
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that point out to 100 per cent oxygen; and those which show a rapid 
rise in scaling at very low oxygen contents, and then a more gradual 
but greater increase from that point to 100 per cent oxygen. 

The temperatures that produce curves falling in the first group 
are 1650 through 1900 degrees Fahr. (900 through 1040 degrees 
Cent.). Those producing curves falling in the second group are 
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sure of Oxygen on the Scaling of S.A.E. 1020 
Steel. 


1950 through 2100 degrees Fahr. (1065 through 1150 degrees Cent.). 
Two other definite characteristics are evident in the graphs of the 
second group. The curvature of the 2050 and 2100 degrees Fahr. 
(1120 and 1150 degrees Cent.) curves is concave upward while all 
of the others have curvatures that are concave downward, with the 
exception of the 1950 degrees Fahr. (1065 degrees Cent.) curve 
which is a straight line between 4 and 100 per cent oxygen. The 
2000 and 2050 degrees Fahr. 11095 and 1120 degrees Cent.) curves 
reach a maximum at 7 and 3 per cent oxygen respectively and minima 
at 18 per cent oxygen in both cases. 

A comparison of the loss in weight values for the different 
temperatures and different oxygen concentrations with the chemical 
compositions of the scales formed, which are shown in Fig. 8, shows 
that the ferrous iron contents of the scales follow the same trend 
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as the loss in weight. The curves divide again into two groups; 
1650 through 1900 degrees Fahr. (900 through 1040 degrees Cent. ) 
and 1950 through 2100 degrees Fahr. (1065 through 1150 degrees 
Cent.). For temperatures of 1650 through 1950 degrees Fahr. (900 
through 1065 degrees Cent.) the ferrous iron contents of the scales 
formed are nearly constant for oxygen concentrations of 20 to 100 
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Fig. 8—Effect of Variation of Partial Pres 
sure of Oxygen on the Composition of the Scale. 


per cent. For temperatures of 1950 through 2100 degrees Fahr. 
(1065 through 1150 degrees Cent.) a very definite and fairly uni- 
form increase in ferrous iron occurs with increasing oxygen concen- 
trations. 

Attention is also called to the evidence in these curves of the 
possibility of retarded scaling effects with increasing temperatures 
without the occurrence of a higher degree of oxidation. The losses 
in weight in a 40 per cent oxygen atmosphere at temperatures of 
1950, 2000 and 2050 degrees Fahr. (1065, 1095 and 1120 degrees 
Cent.) are found to be approximately equal. Reference to Fig. 7 
shows that the ferrous iron contents of the three scales are approxi- 
mately identical. This is a departure from the effect usually obtained 
where the retardation is accompanied by a change in the degree of 
oxidation. It is evident that not only the degree of oxidation, but 
also the way in which the ferrous and ferric iron and oxygen are 
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Fig. 9—Three-Dimensional Model Showing the Relationship Between Scaling, 
Temperature and Oxygen Content. 


present in the solid solutions which are possible, must enter into the 
retarded scaling effects. 

By constructing a three-dimensional model, a surface can b¢ 
developed which shows the relationship between the scaling, the 
temperature, and the oxygen content of the oxidation atmosphere. 
Such a representation of the data is given in Fig. 9. The time ot 
exposure was one hour in all cases. The reversal in the temperature 
curves at a constant partial pressure of oxygen is evident from very 
low oxygen contents to 100 per cent oxygen. The minimum in the 
curves broadens out at oxygen contents intermediate between air and 
100 per cent, occurring over a range of approximately 100 degrees 
Fahr. at 40 per cent oxygen. 
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MECHANISM 


3efore proceeding to the formulation of a possible mechanism 
to account for the decrease in scaling with increase in temperatures 
in the range 1850 and 2000 degrees Fahr. (1010 and 1095 degrees 
Cent.), the conclusions to be drawn directly from the data on effect 
of temperature, time, and partial pressure of oxygen will be briefly 
summarized. 

A reversal, that is, a decrease in the amount of scaling with 
creasing temperature, occurs for all oxygen concentrations in the 
temperature range 1850 to 2000 degrees Fahr. (1010 to 1095 degrees 
Cent. ). 

The ferrous iron content of the scales formed undergoes a sim- 
ilar reversal, maxima and minima occurring under approximately 
the same conditions as for the occurrence of the maxima and minima 
in scaling. 

The reversal or decrease in scaling with increasing temperature 
occurs for all periods of time up to six hours, the maximum time 
period used. For a 13 per cent oxygen atmosphere the extent of the 
reversal was increasing at the end of four hours. 

The effect of increasing time on scaling in atmospheres of oxy- 
gen, air, and 13 per cent oxygen is in general the same regardless 
of whether or not the temperature is one at which the scaling is con- 
tinuously increasing with increase in temperature or one at which 
the reverse conditions exist. The 100 per cent oxygen atmosphere 
shows the least retardation in scaling as time increases. 

For those concentrations which show the greatest retardation 
in the rate of scaling with increase in time, the ferrous iron content 
of the scale is found to decrease. For those concentrations which 
show a less marked falling off in scaling the ferrous iron content of 
the scales is found to increase with time. 

For certain oxygen concentrations the scaling losses and the 
ferrous iron content of the scales may remain practically constant 
over a given temperature range, or retardation of scaling with in- 
creasing temperatures may occur without change in the degree of 
oxidation. 

Scaling a Diffusional Process 


Upthegrove and Murphy pointed out that the sudden change in 
the slope of their temperature loss in weight curves for air and 
oxygen atmospheres was accompanied by the formation of blisters. 
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They suggested this change in the scaling was the result of a mechan- 
ical interruption of the process due to a breaking away of the scale 
at the blistered areas. This does not appear to adequately account 
for all of the results observed in the present investigation. 

It is quite generally conceded that after the first film of scale is 
formed the continuation of the oxidation process is a diffusional 
phenomenon. The general equation for diffusion is 


dw | dc 


_ —D dx 


where dW is the amount of the substance under consideration which 
diffuses through a unit cross section in time dt under a concentra- 


:; . de ; —— ; a 
tion gradient of —, and D is a coefficient. From this it can be seen 


dx 


that the two factors controlling the scaling operation are the con- 
centration gradient or driving force, and the coefficient of diffusion. 

The study of the effect of time on scaling offers a means of de- 
termining the nature of the concentration gradient. Two types of 
curves may result in a time-scaling plot. It may be a straight line, 
that is, one in which the rate of scaling is constant, or a parabolic 
type, that is, one in which the rate of scaling decreases with time. 
The constant rate of scaling denotes a cellular membrane in which 
case the oxidizing gas diffuses mainly through the pores. Under 
such conditions the concentration gradient or driving force is the 
difference between the concentration of the oxidizing gas in the 
scaling atmosphere and at the metal-scale interfaces. The parabolic 
type indicates that the scale membrane is a continuous type and a 
continuation of the scaling process occurs by the solution of the 
oxidizing gas in the scale surface and then a diffusion of this gas 
inward. In this case the high potential side of the driving force is 
no longer the concentration of the oxidizing gas in the scaling atmos- 
phere, but is the concentration of the gas in the surface of the scale 
itself. This will be considered again in the discussion of the diffusion 
through the various layers formed. The present studies gave time 
curves of the parabolic type. 

As the solubility of the gases in metals generally increases with 
increasing temperatures, the surface in direct contact with the scaling 
atmosphere will be capable of taking up more oxygen at higher tem- 
peratures. This causes an increase in the concentration gradient or 
driving force. When differences in the degree of oxidation occur 
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at different temperatures, the solubility of oxygen may also change 
and its concentration in the scale may actually decrease when com- 
pared with the concentration at a lower temperature. 

If it is assumed that the outer layer of the scale in all cases ap- 
proaches a composition corresponding to Fe,O,, it would appear as 
if the degree of oxidation of the other layers was of no importance 
as far as the concentration gradient is concerned, as the overall 
eradient is governed by the difference in concentration of oxygen 
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Fig. 10 — Illustrating 
Degree of Oxidation of Metal 
Surface. 


in the outside surface of the Fe,O, and at the metal scale interface. 
Due to the layer formation, however, the overall concentration gra- 
dient actually consists of several gradients. This is illustrated in 
Fig. 10. The molecules of the oxidizing gas strike the surface A 
and are absorbed, building up a definite concentration at B, the 
maximum concentration possible being saturation. A definite gradi- 
ent exists from B to C which constitutes the driving force of the 
outside layer. The oxygen must pass from C to D either by dif- 
fusion or reaction. If the nature of the middle layer is such that 
the solubility of oxygen is lower than in the outside layer, it will not 
be capable of absorbing the oxygen at D as fast as it reaches C. 
Therefore the concentration at C will build up, which in turn causes 
the driving force from B to C to decrease. This reduces the amount 
of oxygen reaching C. A balance between the amount of oxygen 
arriving at C and that being absorbed at D is finally reached, when 
the process settles down to a steady state. Since it has been postu- 
lated that the solubility is lower in the middle layer, the concen- 
tration gradient for this layer is necessarily small. The manner 
of transfer of oxygen from E to F is the same as from C to D 
and another gradient exists from F to G. The concentration at E 
controls the concentration at F as it would be impossible for the 
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oxygen to diffuse from E to F if the concentration at F exceeded that 
at E. In this illustration the middle layer has been made the con- 
trolling influence on the driving force, but any of the three layers 
could be of such a nature so as to control the concentration gradient. 
Any change in the magnitude of the coefficient of diffusion will af- 
fect the scaling losses. There are two factors that affect the coeffi- 
cient of diffusion; changes in temperature, and changes in the mem- 
brane through which diffusion is taking place. An increase in tem- 
perature causes an increase in the magnitude of the coefficient, and 
follows the expression Dé T*, where D is the diffusivity coefficient, 
T the temperature and x is an exponent. Changes in the character 
of the membrane have a definite influence on the magnitude of the 
diffusivity coefficient. That changes in structure of the scale mem- 
brane occur at different temperatures, these changes being confirmed 
by the chemical analysis of the scale formed, has been previously 
pointed out. It is evident that the effect of the change in the 
membrane must be greater than the effect of the increasing temper- 
ature on the coefficient of diffusivity to produce the phenomena of the 
reversal in the temperature scaling curve. 


Character of Scale Membrane 


A change in the structure of the membrane through which dif- 
fusion is taking place, it is thus apparent can materially alter the rate 
of diffusion through a change in both the concentration gradient and 
the diffusivity coefficient. It now remains to be shown that the 
above conditions occur in the scaling of steel. The equilibrium sys- 
tem for iron and oxygen as proposed by Pfeil (9) is given in Fig. 
11. In the temperature region studied in this investigation 1650 to 
2100 degrees Fahr. (900 to 1150 degrees Cent.) the phases that may 
be present are Fe + FeO, FeO, FeO + Fe,O,, Fe,O,, Fe,O, + 
Ke,O,, Fe,O,. From the diagram it is clearly evident that in actual 
scale formation the phases which are encountered are not the com- 
pounds but actually the solid* solutions of FeO, Fe,O, and Fe,QO,. 
In fact, without the solid solution formation, concentration gradients 
would be reduced to zero and continuation of scaling would not be 
possible but would stop as soon as a film of scale was formed on 
the metal surface. The extent of the solid solubility at any temper- 
ature naturally varies with the different phases. The oxygen con- 
tent of the scale will then not only vary from a high concentration 
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hat at, the scale surface to a low concentration at the metal scale interface 
n- but also within each of the phases present. The FeO must neces- 
ers sarily be the phase of lowest oxygen content when not dealing with 
nt. conditions permitting eutectic formation, unless it may be assumed 
af- that preferred oxidation may occur, when FeO and Fe will exist 
ffi- together. Since the scale forms in layers, each of these phases which 
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— Fig. 11——Equilibrium Diagram of the Iron-Oxygen System 
S from 70 to 78 Per Cent Iron. 
. to 
nay are present in any one layer will show a variation in composition, the 

- oxygen-rich concentration always being farthest from the metal scale 

‘ual interface. This difference in chemical composition from one side of 
ym- the scale layer to the other constitutes the driving force for the dif- 
Ds fusional process. A similar gradient exists for the iron concen 
nts tration, the highest iron content being nearest to the metal scale 
be interface. 
on Recent work of Jette and Foote on the Fe-O system (Fig. 12) 
er- shows the oxygen-rich boundary of the FeO field to reach a maxi- 
‘on- | mum at 2010 degrees Fahr. (1100 degrees Cent.). Consideration of 


tion their data indicates that this maximum could have been placed nearer 
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1830 degrees Fahr. (1000 degrees Cent.) without misinterpreting 
their results. This would point to a maximum solubility for oxygen 
in FeO solid solution at practically the same temperature as that at 
which the maximum oxidation loss is observed in the scaling of steel 
in air, namely 1850 degrees Fahr. (1010 degrees Cent.). The in- 
ference that the maximum scaling loss occurs at this temperature 
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solely because of the maximum solubility should not be drawn as the 
other factors enter in. At the same time the possibility that the 
condition of maximum solubility allows for a maximum concentra- 
tion gradient perhaps should fiot be ignored. 

On the basis that the concentration gradient is directly influenced 
by the extent of the solid solubility, it follows that the phase having 
the lowest solubility will exert the greatest influence on the overall 
rate of diffusion. The amount of this phase present will also be a 
determining factor as the maximum concentration gradient is set by 
the limit of solid solubility and increasing the thickness of this phase 
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of the membrane causes a decrease in the gradient per unit of thick- 
ness. The Fe,O, solid solution has the lowest solubility range of all 
the phases theoretically possible in scale formation within the temper- 
ature limits used in this investigation, 1650 to 2100 degrees Fahr. 
(900 to 1150 degrees Cent.). It would therefore be expected that 
the scale formed in the temperature regions where a reversal occurs 
should show a relatively high proportion of Fe,O, solid solution. 

The chemical analyses of the scales formed at different tempera- 
tures show that the ratios of ferrous to ferric iron have a wide range 
of values. The ferrous iron content is relatively high at the tempera- 
ture where a maximum scaling loss is obtained when compared with 
the ferrous iron content at the temperature where a minimum loss 1s 
obtained. At the same time the ferric iron content of the scale 
formed at the temperature where a maximum is reached is re- 
latively low when compared to the ferric iron content of the 
scale formed at the temperature where a minimum loss is obtained. 
The ferric iron content, however, can exist in two of the solid solu- 
tions present, Fe,O, and Fe,O,. Considering the Fe,O, as one 
molecule of Fe,O, and one molecule of FeO, then two thirds of the 
iron in the Fe,O, is in the trivalent state and one third in the divalent 
State. 

Chemical analysis and micro examinations of the scales formed 
under the various conditions offer means of determining the character 
of the scale membrane, that is the nature of the phases and the extent 
to which they are present. Calculations based on the analysis of the 
scale and the assumption that the theoretical compounds FeO, Fe,O, 
and Fe,O, are formed permit the estimation of the maximum amount 
of the Fe,O, which could be present under any condition. A calcula 
tion of this nature which makes no allowance for any ferric iron be- 
ing present as Fe,O,, but rather assumes all trivalent iron present at 
Ke.O,, proves a useful aid in the interpretation of the scale photo- 
micrographs. Data from such calculations based on chemical analysis 
of scale formed in air in four hour runs are given in Table I. The 
first two columns give the ferrous and ferric iron contents of the 
scale analysis. In the third column the amount of ferrous iron neces- 
sary to combine with all of the ferric iron to form Fe,O, is given. 
The fourth column shows the difference between the ferrous iron 
required to form Fe,O, and the divalent iron content of the analysis. 
A minus sign denotes a deficiency and a plus sign denotes a surplus 
of divalent iron, that is, the sign indicates whether or not a suf- 
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Fig. 13—-Scale Formed at 1800 Degrees Fahr. Unetched. <x 100. 
Fig. 14—Scale Formed at 1800 Degrees Fahr. Etched in 5 Per Cent HCl in 
Alcohol. x 100. 
Fig. 15—Precipitated Phase of the Middle Layer of Fig. 14. 500. 
Fig. 16—Scale Formed at 1915 Degrees Fahr. Etched with 5 Per Cent HCl in 
Alcohol. x 100. 
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i 7 . . , i -j S 500 
Fig. 17—Inner Layer of Scale Shown in Fig. 16. x 0. oe 
Fig. 18—Scale " Formed at 2000 Degrees Fahr. Etched with 5 Per Cent HCl in 
Alcohol. x 100. . Pe e 
in Fig. 19—Columnar Structure of Inner Layer of Fig. 18._ x 500. 4 
Fig. 20—Scale Formed at 2100 Degrees Fahr. Etched with 5 Per Cent HCl in 
t | Alcohol. X 100. 
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Table | 
Analysis of Scale Formed in Air in 4-Hour Runs 


Difference of 
Temp. °F. Fet+ Fe+++ Fe++ for FesO, Fet++ Content 


1800 22.05 11.02 + 40.78 
1915 39.00 19.50 + 14.5 
2000 49.40 24.70 — 3.20 
2100 41.60 20.80 + 10.30 


ficient amount of ferrous iron is present in the scale analysis to 
combine with all of the Fe*** to form Fe,O,. These particular an- 
alyses are given as they correspond to the samples of scale used for 
the photomicrographs. 


Structure of the Scale 


The microstructures of the cross section of the scales formed 
are shown in Figs. 13 through 21. These cross sections are portions 
of scales which were split off the steel during the quenching opera- 
tion. Quenching was resorted to in order to retain as far as possible 
the phase present at the actual temperature of scaling. Great dif- 
ficulty was encountered in the polishing of the scale due to the brittle- 
ness and it was found impossible to entirely prevent some sections 
from breaking away and leaving voids. 

Fig. 13 shows the scale formed at 1800 degrees Fahr. (980 de- 
grees Cent.) in the unetched condition. This same section is shown 
in the etched condition in Fig. 14. Three layers are evident in Fig. 
13, the middle layer comprising approximately 75 per cent of the total 
cross section; the outside layer being 5 per cent and the inside layer 
approximately 20 per cent of the area. Upon etching a fine disper- 
sion appears in the middle layer, leaving another narrow layer in 
relief between the inside and the fine dispersion. This finely divided 
dispersion is shown at higher magnification in Fig. 15 and corre- 
sponds to the decomposed ferrous state postulated by Pfeil. The 
decomposition of the FeO solid solution results from a decreasing 
solubility with decreasing temperatures. From the relationship given 
in Table I it is evident that an excess of FeO will exist at this tem- 
perature. Since the specific gravities of FeO, Fe,O, and Fe,O, are so 
nearly alike, namely 5.28, 5.20, and 5.12 respectively, it follows that 
the specific volumes of the different oxides are approximately equal ; 
also, the total iron contents of the various solid solutions of FeO, 
Fe,O,, and Fe,O, cannot vary by more than 7.78 per cent i: the 
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theoretical compounds are formed. This difference will actually 
be less, due to the solid solution formation. Therefore, in order to 
get a qualitative relationship to establish the identity of the various 
layers, it may be assumed that the width of a given layer is inde- 
pendent of the type of solid solution present. The evaluation of the 





Fig. 21—Inner Layer of Fig. 20. X 1000. 


consitution of the various layers may now be undertaken. It has 
already been pointed out that the middle layer of the scale formed 
at 1800 degrees Fahr. (980 degrees Cent.) (Fig. 13) comprises ap- 
proximately 75 per cent of the cross sectional area. From Table | 
it can be seen that an excess of 40.78 per cent ferrous iron exists 
which represents 55.5 per cent of the total iron. This immediately 
establishes the fact that more than one half of the cross section must 
be the ferrous state. Furthermore, as Jette and Foote have shown 
that the oxygen-rich solid solution of FeO is composed of Fe,O, 
dissolved in FeO, an even greater percentage of the cross sectional 
area must actually be present as the ferrous phase. It therefore fol- 
lows that the middle layer must be composed of the ferrous phase. 
lf the layer formation is characterized by a progressive change in 
phases accompanying an increase in the iron content as shown in 
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Fig. 11, then the outside layer must be a mixture of FeO + Fe,O,. 
xamination of this layer at high magnification showed this to be 
the case. It is, however, entirely possible that minute layers of the 
other phases out to Fe,O, exist on the outside surface of the scale 
which were not detected in the present investigation. The inside 
layer should then be a mixture of Fe + FeO solid solution, not in 
the eutectic mixture as it is formed below the eutectic temperature, 
but present as a mixture nevertheless. 

The formation of a mixture of Fe + FeO undoubtedly occurs 
when the metal surface is undergoing oxidation due to preferential 
oxidation, but it is difficult to conceive that the oxidation agent will 
pass this iron in the Fe-FeO mixture on its way to the metal scale 
interface, without oxidizing it to FeO. Also as the FeO solid solu- 
tion in the mixture gets richer in oxygen, it will have a decided 
tendency to dissolve this Fe. Since there is a diffusion of iron taking 
place, it is possible that the iron of this mixture is taken up by the 
KeO and the original space occupied by the free iron is not com- 
pletely filled with oxide, permitting voids to develop. This inside 
layer (Fig. 13) appears very spongy, suggesting that the above 
actually does occur. Therefore this layer would be composed of the 
ferrous phase as is the middle layer (Fig. 13). Two layers com- 
posed of the same phase are possible as they have different physical 
constructions. 

Pfeil has demonstrated that the interface of the middle and inner 
layers represents the original metal surface before oxidation began 
This has been confirmed in the present investigation. If the spongy 
nature of the inner layer is due to the postulations given above, then 
this offers a possible explanation of why this interface of the inner 
and middle layers represents the original position of the metal sur- 
face before oxidation. Also since the voids do not have a tendency 
to close, it offers an explanation for this boundary not shifting with 
continued oxidation. The appearance of the precipitation in the 
middle layer and the occurrence of the narrow band between the mid- 
dle and inner layers (Fig. 13) can only be accounted for on the basis 
of a tempering action. As has been pointed out, the scale split 
away from the metal on quenching, but did not always become dis- 
lodged immediately. Therefore the heat coming out of the steel had 
to pass partially through this scale while it still was in contact with 
the steel. This tempering effect could easily cause a precipitation 
to take place. There is a decreasing solubility with decreasing tem- 
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perature in the FeC solid solution range. Since the oxygen content 
of any laver varies from end to end, a critical oxygen content com- 
bined with a critical tempering temperature could cause the precipita- 
tion to occur at an intermediate place as shown in Fig. 13. This 
phenomenon was not observed in all cases of scale formed at 1800 
degrees Fahr. (980 degrees Cent.). 

The scale formed at 1915 degrees Fahr. (1045 degrees Cent. ) 
is shown in Figs. 16 and 17. From Table I it can be seen that there 
is an excess of ferrous iron over the amount necessary to combine 
with all of the ferric iron to form Fe,O,. This insures the presence 
of the ferrous phase. Fig. 16 shows that three layers are present, 
and an examination of the inside layer at a higher magnification (Fig. 
17) shows that this layer is made up of a mixture of the FeO and 
Ke.O, solid solutions. This then establishes the identity of the 
middle layer as the Fe,O, solid solution and the outside layer as a 
mixture of Fe,O, and Fe,O,. When the scaled sample is quenched 
some scale always adheres to the steel, the splitting away of the 
oxide always occurring some place in the scale itself. In this case the 
parting of the scale occurred either at the interface representing the 
original metal surface, or else in the inner layer shown in the photo- 
micrographs. This is indicated by the fact that no spongy layer 
exists. At 1915 degrees Fahr. (1045 degrees Cent.) the scaling loss 
is definitely decreasing with increasing temperature (Fig. 1) and it 
has also been shown that the Fe,O, solid solution is appearing to an 
appreciable extent. 

The scale formed at 2000 degrees Fahr. (1095 degrees Cent.) 
is shown in Figs. 18 and 19. Four layers are evident in Fig. 18. 
The inside layer is spongy and examination at higher magnification 
shows that it is composed of FeO + Fe,O,. The next layer follow- 
ing the inside layer is still composed of the FeO-Fe,O, mixture but 
the Fe,O, solid solution is more prominent. The white columnar 
crystals are Fe,O, and the mottled crystals are a mixture of FeO 
and Fe,O,. This layer is shown at a higher magnification in Fig. 19. 
The next layer is the Fe,O, solid solution and the outside layer 1s 
comprised of a mixture of Fe,O, and Fe,O,. 

The minimum scaling loss in the region of the reversal is at- 
tained at the temperature of 2000 degrees Fahr. (1095 degrees 
Cent.). It has been previously pointed out that at 1915 degrees 
ahr. (1045 degrees Cent.) the scaling loss was definitely decreasing 
and that the Fe,O, solution was appearing in the scale to an appreci- 
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able extent. It has now been shown that at 2000 degrees Fahr. 
(1095 degrees Cent.) the Fe,O, content has increased to still greater 
extent. Furthermore, it may be pointed out that the spongy inside 
layer is composed of a mixture of FeO + Fe,O, which is high in 
Ke,O, as compared with the inside layer of the scale in Fig. 13. 
Therefore the retardation in the diffusional process is not only 
brought about by this spongy mass which breaks up the continuity 
of the membrane, but also by the fact that the available mass of 
this material capable of allowing diffusion to take place is high in 
Ke,O,. 

The structure of the scale formed at 2100 degrees Fahr. (1150 
degrees Cent.) is shown in Figs. 20 and 21. The inner layer (Fig. 
20) is composed of a mixture of FeO + Fe,O,, which is shown at 
a higher magnification in Fig. 21. In this case some of the magnetite 
particles have grown to considerable size. From Table I it can be 
seen that some excess ferrous phase must exist and it comprises the 
matrix of the inner layer. The middle layer is Fe,O, solid solu- 
tion and the outer layer a mixture of Fe,O, and Fe,O,. The 
Fe,O, content is still relatively high at this temperature (2100 
degrees Fahr.) and yet the loss in weight is again increasing with 
increasing temperatures. This can be accounted for by the fact that 
the spongy layers which adhered to the metal on quenching, cannot 
be Fe,O, as it was in the scale formed at 2000 degrees Fahr. (1095 
degrees Cent.). This is necessarily true as the inside layer (Fig. 
20) is composed of the decomposed ferrous phase and the spongy 
layer must be composed of either the decomposed ferrous phase or 
a phase higher in iron content. In addition the solubility range of 
the Fe,O, solid solution begins to increase in this temperature region 
as can be seen from Fig. 11. It may also be pointed out that if no 
increase in the amount of Fe,O, over that formed at 2000 degrees 
Kahr. (1095 degrees Cent.) occurred, and if the membrane at these 
two temperatures were identical, the scaling loss at 2100 degrees 
Kahr. (1150 degrees Cent.) would still be larger due to the increase 
in the diffusivity coefficient with temperature. The structure of the 
membrane itself influences the magnitude of the coefficient of dif- 
fusivity, but it is impossible to draw any definite conclusions regard- 
ing this from the data available at the present time. 


SUMMARY AND CONCLUSIONS 


The results of this investigation have shown that: 
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1. A reversal, that is, a decrease in the amount of scaling with 
ncreasing temperature occurs from very low oxygen concentrations 
to 100 per cent oxygen in the temperature range 1850 to 2000 de- 
erees Fahr. (1010-1095 degrees Cent.). 

2. The ferrous iron content of the scales formed undergoes 
| similar reversal, maximum and minimum occurring under approxi- 
mately the same conditions as for the occurrence of the maximum 
and minimum for scaling. 

3. The reversal occurs for all periods of time up to six hours, 
the maximum time period used. For a 13 per cent oxygen atmos- 
phere the extent of the reversal was increasing with increasing time 
at the end of four hours. 

4. The effect of increasing time on scaling in atmospheres of 
oxygen, air, and 13 per cent oxygen is in general the same regardless 
of whether or not the temperature is one at which the scaling 1s 
continuously increasing with increasing temperatures or one at which 
the reverse conditions exist. The 100 per cent oxygen atmosphere 
shows the least retardation in scaling as the time increases. 

5. For those temperatures which show the greatest retardation 
in the rate of scaling with increase in time, the ferrous iron content 
of the scale is found to decrease. For those temperatures which 
show a less marked falling off in scaling the ferrous iron content of 
the scales is found to increase with time. 

6. For certain oxygen concentrations the scaling losses and the 
ferrous iron content of the scales may remain practically constant 
over a given range of temperature, that is, retardation of scaling 
with increasing temperature may occur without a change in the de- 
eree of oxidation. 

7. The change in the degree of oxidation causes a change in 
the membrane structure resulting in an increasing proportion of 
‘e,O, solid solution in the temperature region where the reversal 
occurs. 

8. The Fe,O, solid solution has the lowest solid solubility range 
of the phases possible in the scaling system. This solid solubility is 
a limiting factor governing the concentration gradient or driving 
potential in the diffusional process. This, in turn, directly influences 
the rate of diffusion, the lower the driving force the lower the rate of 
diffusion, all other things being equal. 

9. The membrane structure has a direct influence on the magni- 
tude of the diffusivity coefficient. If the changes in the membrane 
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structure in the region of the reversal are of such a nature that an 
increase in the diffusivity coefficient results, then the effect of the 
lower oxygen solubility in the Fe,O, solid solution must be so great 
that it will overcome the effect of increasing the coefficient of dif- 
fusion. On the other hand if the change in membrane structure 
causes a decrease in the magnitude of the diffusivity coefficient, it 
will be one of the contributing factors in the reversal in the tempera- 
ture-loss in weight curve. 

10. A theory has been advanced for the occurrence of a rever- 
sal in the temperature-loss in weight curves in the temperature region 
1800 to 2100 degrees Fahr. (980-1150 degrees Cent.). 
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DISCUSSION 


Written Discussion: By A. M. Steever, vice-president and technical 
director, Lindberg Steel Treating Company, Chicago. 

The general question of oxidation of steel has not received sufficient at- 
tention and I welcome the authors’ paper as a valuable contribution upon this 
subject. Personally I have not carried out any research work on this subject 
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it have observed the problems of oxidation particularly in the forging industry. 

This piece of research supplements various other contributions at different 
temperatures. It also co-ordinates the results of these others and appears to be a 
very close preliminary to some practical observations, conclusions, and recom- 
mendations which will be of value to the steel industry. From my close con- 
nection and from my experience with and in the forging industry, I can see 
some practical applications looming in the near future. The temperature range 
(1650 to 2100 degrees Fahr.) is below the mean forging temperature of S.A.E. 
1020 steel. It is possible to predict effects of various atmospheres on scaling 
at a mean forging temperature of 2250 degrees Fahr. It would be interesting 
to know the results in a temperature range of 2000 to 2450 degrees Fahr. I 
sincerely hope the authors continue their research upon this problem and will 
at some future time be able to give some information as to the control of 
scale at these higher temperatures. 

Written Discussion: By K. Heindlhofer and B. M. Larsen, U. S. Steel 
Corporation, Research Laboratory, Kearny, N. J. 

The rate of scaling of metais has been studied by several investigators’ 
with concordant results which are in accord with the picture that the rate ot 
the scale process is determined by the rate of diffusion through the scale layer 
already formed, for a number of pure metals and for some alloys. In particular 
for the pure metals so long as the scale is continuous and adherent, the scaling 
rate at constant temperature tends generally to be proportional to the square 
root of the elapsed time at that temperature, as would be expected if the process 
were one of simple interdiffusion through the scale. Moreover, the variation of 
rate with temperature follows closely a very common and fundamental relation 
of the form, 


© 


W=ke Rt 


hese relationships, of course, only hold strictly under certain “ideal conditions” 
most important of which are that (1) oxygen must be supplied to the outer 
surface so abundantly as to maintain an oxygen pressure greater than the disso- 
ciation pressure of Fe.Os, or whatever oxide is present in this zone; (2) the 
scale layer (or layers) must be solid and continuous, and (3) the inner surface 
of the scale must be in perfect contact with the metal so the latter will also be 
supplied as fast as it can be absorbed into the scale. 

This simple picture of the scaling process, although supported quite con- 
vincingly by all the references’ is not in agreement with the data by Messrs. 
Siebert and Upthegrove, or with the previous results obtained by Upthegrove 
and Murphy. We therefore considered it necessary to check the data given 
in this paper by conducting three scaling experiments in air on ingot iron at 
1860, 2012 and 2100 degrees Fahr., which corresponds to the maximum, mini- 


'N. B. Pilling and R. E. Bedworth, ‘“‘The Oxidation of Metals at High Temperatures,”’ 
irnal, Institute of Metals, Vol. 29, 1923, p. 529-91 
N. B. Pilling and R. E. Bedworth, “The Oxidation of Copper-nickel Alloys at High 
lemperatures,’’ Industrial and Engineering Chemistry, Vol. 17, 1925, p. 372-6 
J. S. Dunn, “The High Temperature Oxidation of Metals,’”’ Proceedings, Royal So- 
ety of London, Vol. IIIT A. 1926. p. 203-9 
K. Heindlhofer and B. M. Larsen. “‘Rates of Scale Formation on Tron and a Few of 
Alloys.” Transactions, American Society for Steel Treating, Vol. 21, 1933, p. 865-95. 
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mum and end point on the solid curve in Fig. 1, shown in the authors’ present 
paper. 

The experimental procedure was essentially that described in our earlier 
paper on scaling (Ref. No. 1), except that we placed the thermocouple junc- 
tion adjacent to rather than inside the specimen. Due to rapid oxidation in 
this high temperature range, we had found that the specimen tends to heat up 
to around 25 to 50 degrees Fahr. above the furnace temperature and for most 
accurate results the control couple should be placed inside the specimen. How- 
ever, the present authors had apparently used the former method, and we en- 
deavored to imitate their conditions in this respect. 

Fig. A (in this discussion) shows the results of our check measurements, 
the vertical scale representing the weight of oxygen absorbed per unit area and 
the horizontal scale the time, with logarithmic scales for both variables. The 
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weight at 60 minutes is then replotted against temperature as shown in Fig. B 
the three points thus obtained being connected with a dotted line while the 
authors’ results given in their Fig. 1 are reproduced for comparison as a solid 
line. Evidently the dip in the rate of scaling shown by the authors could not 
be verified, hence their results cannot be considered as typical. Analysis of the 
scale layers formed in these check runs for FeO shows 56.8 per cent ferrous 
iron for both the 1860 and 2012 degtees Fahr. scaling temperatures and 55 per 
cent for the scale formed at 2100 degrees Fahr. which again is contrary to the 
authors’ results shown in their Fig. 2. 

Does not the disturbing effect of increasingly widespread blistering in the 
scale layer seem the obvious explanation for this curious anomaly in the scaling 
rate-temperature curve obtained by the authors of this paper? Any blistering 
will tend to lift the inner layer of scale out of contact with the metal, cutting 
off the supply of iron by diffusion from below, but allowing continued diffusion 
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ff oxygen in from the gas phase. The natural results of increasing blistering 
will be an increasing departure below the ideal rate curve, accompanied by a 
decreasing percentage of ferrous iron in the resulting scale, both of which effects 
are shown in this paper. 

Attention should perhaps also be drawn to the fact that under the ideal 
conditions as defined above, the percentage of oxygen in the gas phase (as 
long as it is above a very low minimum value) should have no effect on the 
rate of scaling at a given constant temperature in the scale layer. The quali- 
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tative diagram Fig. 9 is thus fundamentally incorrect, the per cent oxygen 
scale having no significance within the range shown. These ideas are in fact 
supported by the data in this paper (Figs. 7 and 8) for those temperatures 
(1650, 1750, 1800 and 1850 degrees Fahr.) below the range of anomalous re- 
sults, at which blistering was probably a negligible factor. In general it seems 
that the data given in this paper really represent rates for a heterogeneous 
diffusion system with the boundary conditions not accurately defined, and there- 
fore are not generally applicable, either for a better scientific understanding of 
the problem or for predicting scaling rates under a given set of conditions. 

It is of course true that most of such problems involving reaction or dif- 
fusion rates in heterogeneous systems are difficult and often impossible to treat 
quantitatively. The best we can ordinarily do is to try to study the “ideal 
rates” under certain accurately definable boundary conditions, and then frankly 
admit that where such accurately definable conditions are not fulfilled it will 
not be possible to predict results with much accuracy. In the scaling of metals, 
about the best we can do is to measure in the laboratory the “limiting rates” 
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i 
under definite boundary conditions such as those postulated above. T] : 
then be the maximum rates at which a certain scale layer can grow 
by simple diffusion If in a given practical case, we have blisterin i 


scale or an oxygen supply from the gas phase of less than the scale car 
the overall rate of scaling will be less than expected, or, if the sca 


away periodically or the temperature of a thin sample with large surf; 


CML LEE RESS 


es much above that of its surroundings due to the heat of combustio: 
metal, the overall rate will be greater than expected. In all such « 


laboratory data will serve at least as a general guide, but in order for 


ORIEN BESS 7 


eful as such, we must make very certain, by logical, mathematical 


ind repeated checking of data, that the laboratory results are obtained 

accurately known and defined conditions. It seems to us that this is é 

ot the data in the paper under discussion. 
Written Discussion: By H. H. Ashdown, consulting metal! 

Northlyn, 186 Hale Road, Hale, Cheshire, England. 5 
It has been the privilege of the writer to discuss the other papers on 

tion and scaling presented by Mr. Upthegrove and his associates at pre 

conventions and | suggest this paper is a further contribution to the seri 

mention series as | believe these papers have opened up a wide field fi 

search 
This paper in itself is a valuable piece of research work and the a 

are to be congratulated on their determination to find the reason for the 

parent abnormal rate of oxidation within the range of 1800 and 1900 « 

l‘ahr. (985 to 1040 degrees Cent.). 
This is extremely valuable information to mill and forge superinte: 

particularly those who are dealing with large mill production or wh 

responsible for the handling of large masses of steel which require long p 

of soaking at high temperatures. 
The diagrammatic sketch on page 200 is an excellent presentation of th 

ing procedure, indicating that ingots or billets should first receive an 

soaking at 1800 degrees Fahr. and then be rapidly heated to, and soaked 

around 2100 degrees Fahr. for rolling or forging. The scale losses on forg) 

may not be generally appreciated. Forgings today are made up to 100 t 

weight, and if we assume the scaling loss to be 5 per cent, which is a low est 

mate, five tons of valuable steel, and usually the best portion of the steel . 


comes a total loss. 

Valuable as this paper is, I believe its value might have been considerabl) 
enhanced had the authors given photomicrographs of the steel quenched wit! 
scale, at temperatures of 1800, 1850 and 2100 degrees Fahr. 

The authors call attention to the increasing percentage of iron in the 
at 2100 degrees Fahr. It is to be observed that during long soaking pe! 
at high temperatures the ferrite appears to become divorced, diffusing outward 
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in increasingly wide bands. This, apart from the scale reaction with the ca 
content of the steel, may account for the increased iron content. This 
clearly indicated in the photograph I contributed to the paper by Murp! 
Wood and Jominy in 1932, which showed in the scale, on the base of a 70-1! 
octagonal ingot, which had been soaked for a long period at around 2200 degré 
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rr 
ie ee, broad pentagonal boundaries of much lighter color, corresponding 
& e territe. 
e reading this paper, | am of the opinion that just as the condition ot 
the open-hearth furnace is a criterion of the character of the steel 
f ath. so the type of scale on the billet will give an index to certain 
3 properties which may be expected from the finished torging. | believe 
4 relation between the scale and steel will be found to exist, not only at 
: rface of the scale and metal, but throughout the mass of the steel unde 
§ nent Further, this may give a solution to some of the “banded” steel 
3 li | might offer a suggestion for further investigation, | would suggest 
‘ Linch billets be taken—two heated to 1800 degrees lahr., two to 1850 
es Fahr. and two to 2100 degrees ahr. In each case, one quenched tor 
nd steel structural examination and the other rolled or torged and ex 
d for structural and physical properties. 
work already done by the authors has been of great value to the stecl 
and it is hoped that funds will be forthcoming to encourage them to 
this line of research. Tl irst, to further investigate controlled atmos 
for commercial application and reduce these enormous scale losses with 
iment to the finished product. And secondly, to continue their research 
termine the relationship of the type of scale as an index to the ultimate 
il values of the steel. 
Authors’ Closure 
e authors appreciate the comments of Heindlhofer and Larsen and 
heart'ly with their view that in order for laboratory data to be useful as 
t must be made certain by repeated checking and logical analysis that 
esults are obtained under accurately known and defined conditions. The 
mathematical analysis in checking experimental data is always highly 
rable, but care must be exercised in the use of such analysis not to extend 
pplication beyond the scope of the assumptions on which it is based. It 
iid appear that Heindlhofer and Larsen are insisting on extending the appli 
ot a relationship based on an assumption of constancy of type of mem- 
e to a condition where it has been definitely shown a change in membrane 
es occur. 
} Heindlhofer and Larsen cite the work of Pilling and Bedworth, of Dunn 


their own as the basis for the statement that the variation in scaling with 


on: 


rease in temperature follows the fundamental relation of the form 
OQ 
W=Ke RT 
sequently the variations with temperature reported here must be incorrect. 


iuthors are not attempting in any sense to deny the validity of this relation 
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certain metals or ranges of temperatures, but do insist that there may be 
ptions to it. 


oe 


lt is very interesting that Dunn,’ cited by Heindlhofer and Larsen, shows 
later publication than the one referred to by them a departure from the 
rh : » lacey : , sora te : : . F 

zht line law. In investigating the oxidation of the brasses Dunn found that 


5. Dunn, Journal, Institute of Metals, Vol. 46, 1931, p. 25-48 











an 85.7 per cent copper alloy departed from the straight line law { 
the other 
and 86 pel 


cent behave in 


mathematical analysis.” 
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alloys and concluded that “the alloys with copper content bx 


a more complex manner, which 1s not sus¢ 


the published 
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line law in the oxidation of copper in oxygen 
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tion 1s definitely less at 1000 degrees Cent. than at 900 or 950 degrees ( 


oxidation 
L830 degrees 


ot copper 


Kahr.) (igs 


all times up to 3 hours 


Pilling and Bedworth reported a deviation 


oxidation ot 


“the low value at 700 degrees Cent. (1290 degrees Fahr.) has been 


( hecked 


copper in alt 


without 


plotted the values from 


involved the extrapolation of the data at 


satisfactory 


at 700 degrees Cent. 
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explanation.” 
Bedworth’s 
copper in air for 100 minutes on a Log W vs. 1/T scale. 
1000 degrees 


ahr.) as Pilling and Bedworth report only ! 


perature. 


700 degrees Cent. 


tion may well be raised as to whether or not the data as plotted in their Fi 
should not and do not 


worth 


worth’s values for the 
| arsen’'s Fig 


unquestionable. 


The 


connection. 


atmospheres of carbon dioxide and air at 900 degrees Cent. (1650 degrees 


his perhaps 


5 (Fig. 


Cobb* and his associates should also be referred to 


Marson and Cobb, Journal 


Chemical 


A straight line was drawn through the points for 1000, 900 
(1830, 


800 degrees Cent. (1470 degrees Fahr.) point falling above the line 


1290 degrees 


show the same deviation as reported by 
can best be answered by the plotting of Pilling and 
scaling of copper in air for 60 minutes in Heindlhotet 


2). The deviation from the straight line is definit 


They reported scaling determinations for a low carbon steel 
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) degrees Cent. ( 1830 degrees ahr.) tor a 3-hour period as tollows 


WaT ame 








i CO Au 
= es Cent. (1650 degrees Fahr. ) 0.0016 gm. sq.cen , 029 yn q.em 
; Cent. (1830 degrees Fahr.) 0.0064 gm./sq.cm 0.06 em. /sq.em 
é 
: ding in carbon dioxide at 900 degrees Cent. (1650 degrees Fahr.) is seer 
3 roughly 5 per cent of the gain in weight m air and at 1000 degrees Cent 
‘ decrees Fahr.) roughly 10 per cent of that im at hese percentages are 
i d closely by the results obtained in these laboratories on tests on 0.20 
& nt carbon steel for 2-hour periods and using loss in weight as the measure 
¥ ' 
ing 
CO Air 
ees Cent. (1650 degrees kahr.) 0.00 Ibs. 100 sq. 0.066 Ibs. /100 sq.it 
ees Cent. (1830 degrees Fahr 0.027 Ibs./100° sq.in ( § Ibs. /100 sa. 
the ratio of scaling in carbon dioxide to that in air is approximately 10 
nt Heindlhofer and Larsen, however, report for megot iron a much 
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er ratio at Y00 degrees Cent. (16050 degrees ahr.) at the end ot 100 
: utes, namely 40 per cent While Cobb and his associates did not carry 
3 iling tests at 1095 degrees Cent. ( 2000 cle OTeeS lkeahy ) and above, such 
: ; ; 
; were carried out by Wood, Jominy and Murphy, and Murphy and Upthe 


[hese tests indicated that at temperatures above 1095 degrees Cent 

00 degrees Fahr.) air and carbon dioxide gave very similar results. The 
that at temperatures up to 1000 degrees Cent. (1830 degrees Fahr.) a 
on dioxide atmosphere produced roughly only ten per cent of the scaling 
luced in air, yet at temperatures over 1095 degrees Cent. (2000 degrees 
it produced scaling in a low carbon steel very similar to that in air, 


uld seem, points quite definitely to a discontinuity in the temperature effect 


YT 
til 


leindlhofer and Larsen have offered as evidence, that the decrease in the 
scaling does not occur, data from single tests made at. three tempera 
1015, 1100 and 1150 degrees Cent. (1860, 2010, and 2100 degrees Fahr.). 
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in which they determined gain in weight at short intervals of time up 
or slightly longer. The tests were made on ingot tron rather than o1 
cent carbon steel and apparently in an atomsphere using the laborat 
the source rather than purihfed and dried air. No intormation is giy 4 
conditions existing at the beginning of the test. While they report 
obtain a decrease in sealing on a different material, the authors’ wis! 
out that the decrease reported has been repeatedly checked in these lab 
over a period of three years. The tests have been checked on three 
experimental set-ups, on different low carbon steels and by different 
It would thus seem that the data were obtained under accurately ki 
defined conditions. 

In view of Heindlhofer and Larsen’s failure to confirm our result ’ 
interest to compare their results on ingot iron in air at 1015 degrees ( 
those of Cobb and his associates on a low carbon steel at 1000 degre: 
lor a 3-hour period, in which both used the gain in weight method 


thermocouple external to the specimen, Heindlhofer and Larsen obtai 
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0.107 ems./sqg.cm. while Cobb and Angus at a temperature only 15 degre 
obtain a gain in weight of but 0.063 @m./sq.cem. or only 60 per cent of t! 


reported by the former In the results previously presented in their | 
gain in weight of 90 mg./sq.cm. in 100 minutes at 1100 degrees Cent 
degrees Kahr.) is shown for commercially pure iron. In the results present 
in the discussion a gain in weight of 133 mg./sq.cm. is shown for ingot 
100 minutes at 1100 degrees Cent., (2010 degrees Fahr.), a difference of 


cent which can hardly be attributed to the position of the thermocoupl 


Failure to obtain confirmation of the decrease in composition is 


Ate 


ported. No mention was made as to the method of obtaining the scale, t 


quenching procedure, a factor which may very definitely influence th« 


mle 2 


results. Again it should be pointed out that Heindlhofer and Larsen 
these determinations on ingot iron, while the determinations of the aut 
and those previously reported by Upthegrove and Murphy were for 0.20 
cent carbon steels. 

Heindlhofer and Larsen believe the diagram of Fig. 9 to be fundament 
incorrect. This is a matter of viewpoint based largely on the question 
character of the membrane. In fact all points in controversy come down to 1 
question of whether or not deviations from the laws, which have been estal 
lished for oxidation of certain metals and ranges of temperatures, can occur 
whether or not a logical explanation for these deviations can be offered 
authors believe they have demonstrated the occurrence of such a deviatior 
the 0.20 per cent carbon steel and at the same time have offered an expla 
not inconsistent with the laws governing diffusion processes. 

lhe authors welcome Mr. Ashdown’s very valuable and constructive cor fs 
ments. Attempts to retain the scale with the steel as suggested by Mr. As! A 
down proved unsuccessful, the major portion always breaking away on qu 
ing. Mr. Ashdown’s suggestion that some correlation may exist between 
scale and the steel, it is believed, touches on one of the very important | 
underlying the scaling phenomena. The authors are at present undert 
work in this direction. 


Mr. Steever’s comments are acknowledged. 
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‘e DUCTILITY OF CHROMIUM-NICKEL AUSTENITIC 
STEELS AT ELEVATED TEMPERATURES 


By H. D. NEWELL! 


Hligh alloyed chromuam Wll¢ kel austen NT cls a) 


re or less non-ductile under tensional deformation a 
Perakures between L000 and TSO0 ICY CE ‘ / alt oe fi) 
80) deaqrees Cent.). This is also true of many low 
loy pearlitic steels and even open-hearth tron at ten 
; J } ] . j : j j 
eratures corresponding to their transforinatton to th 
rei lil ] ] d x” la I ¢ . * 


Lhe present paper shows the eiect OF Vvartous Spee ral 
lements and of composition variation on the ductility of 
such austenitic steels at elevated temperatures as measured 
by short time tensile tests A few other materials ar 
cluded fo) comparison, 

It is concluded that lack of ductility ts associated 
with the austenitic face-centered structure while the alpha 
n or body-centered arrangement provides a high d 
ree of ductility. Linprovement in the elevated tempera 
ture ductility of austenitic steels, within the temperature 
ange studied, may be brought about by the addition of 
lements tending to form ferrite. The element  siltcos 
scems to be an exception and improves ductility at thi 
higher temperatures even where the structure remains 
wholly austenitic. Ferrite-forming elements which con 
fer grain refinement, without stiffening the matrix, im 
prove ductility to a greater extent than those which stiffen 


the matrix without greatly refining the structure. Tita 
nium is an example of the first class and molybdenum and 
vanadium of the second class. The last mentioned eli 
ents increase short-time strength to a considerable de 
ee. Contrary to expectations, a columbinin addition 


lid not improve the ductility of 18-8 


INTRODUCTION 


\ STIENTTIC steels of the general 18-8 type have erroneously 
l been described as becoming brittle at elevated temperatures. 
a matter of fact such steels remain extremely tough when hot 
\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934. The author, H. D. Newell, is 


metallurgist, Babcock and Wilcox Tube Co., Beaver Falis. Pa Manu 
received July 5, 1934 
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and are fully capable of resisting sudden shocks or. stress« 
vere service conditions lleating such steels in the carbi : 
cipitation range may cause a reduction of Mpact strength 


precipitation or structural alteration, but, mm most cases, the 


strength remaining is substantial, especially in alloys of low 
content. Most of the determinations of impact resistance ha i 
made cold after heating, but a few tests show excellent va 5 
elevated temperatures. ' 

l’nder static loading, the austenitic steels are hot-sh : 
exhibit reduced ductility in the general temperature range ; 
1 SOO degrees leah (538-982 degrees Cent. ). lester’ has cd : 
this condition and has attributed it to formation of ferrite an ; | 
cipitation of carbides along atomic planes in grains that would nor i 
mally be favorable to slip Che lack of ductility or hot-short : 
manifests itself under tensional deformation in the form of int ‘ | 
granular fracture with adjacént intergranular cracks. In a ; 
tical sense, this lack of ductility has caused difficulties in « . 
fabricating operations, such, for example, as tube bending and e : 
panding or plate bending. It has also caused unfavorable commen 
in the refining® industry because 18-8 tubes do not give warnu 
impending failure by bulging when overheated. The condition ha 
been alleviated by the user in correct cracking furnace design and 
careful operating practice, so that such tatlures are now a rarity 
Che shortcomings of the alloy, so far as ductility is concerned, ar ; 
well known. 


PURPOSE OF INVESTIGATION 


leeling that any enhancement of elevated temperature ductil 
properties would be welcomed, a study was made of a number o| 
experimental and commercial austenitic alloy steels. Alteration 
usual composition and additions of moderate amounts of spec 
elements were made and the resulting alloys were subjected to short 


time tensile tests at temperatures extending imto the reduced 
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tility range. The short-time tensile test was used in preference t 


the slow bend test because of its convenience and greater east 


R. Sergeson, “Effect of Temperature on Stainless tron,” //feat Treats 
lanuary 1929, p 

H. H. Lester, ““The Brittle Range in 18 and 8 Chromium-Nickel lLron,’’ TRANSA 
American Society for Steel Treating, Vol. 16, 1929, p. 743 

E. S. Dixon, “Needs of the Oil Industry for Metal at High Temperatures,” Syn 


m Effect of Temperature on Metals, American Society for Testing Materials \met 
ietv of Mechanical Engineers, 1931, p. 66 
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é oretation of results. Elongation and reduction of area measure 

were taken as the criteria of ductility and strength values wert 

: ed as a matter of course 

i MATERIALS AND Test PROCEDURI 

Che materials investigated were mainly special melts made in 

‘ . kva 0000 eycle high ftrequency turnace lined with magnesite 
melts were cast into 25-inch rounded corner, square, tapered 
ts weighing about thirty pounds each with hot top he megots 
cropped by sawing, heated in a gas hired forging turnace to 


1) degrees Fahr. (1175 degrees Cent.), and forged under a Brad 
hammer to 7¢-1nch diameter rounds. Several reheatings were 
cessary to complete the operation and the final forging from 
are to round section was done in swaging dies to prevent pip 
()ther materials tested were in the torm of commercial het 
lled 7@ or 1-inch rounds 
Having previously determined that grain size affects elevated 
erature ductility,’ it was decided to test all materials in the fine 


uned as forged or rolled condition, which condition 1s conducive 


highest ductility as measured by the short-time test Phe forged 

olled bars were turned up into O.505-inch threaded end. tensile 

ciunens and short-time tests were made, with some exceptions, 

| h the range 1090 to 1600 degrees ahi Phe specimens were 

pulled in a screw machine at a crosshead rate of O.O8-inch pet 

nute until rupture occurred and uniform practice was used as 

heating procedure. ‘Temperature variation did not exceed plus 

ctrl i minus 10 degrees Fahr., from the nominal temperature lhe 

0 ; method in general approximated the tentative code® now pro 

N ; d tor such testing. Composition of the steels tested is shown 
CA E abl | 

. Che forging practice used no doubt created some non-uniformity 

thin the same bar or from bar to bar because of variations in 

e te : ishing temperatures. For the purpose of this investigation, it 


heheved these etfects may be discounted, especially toward the 


h end of the testing range. 


1. D. Newell, “Influence of Grain Size cn the Propertie iid Corrosion Resistance of 
lron-Chromium-Nickel Alloys for Elevated Temperature Service PRANSACTIONS 
Society tor Steel lreating, Vol 19, 1931-32, p. oO 
tative Methods of Test-——‘Short-time High temperature Tension Tests of Metall 


k ST, Proceedinas, American Society for Testine Material Vol . Part I, 
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Test DATA 





lable IL gives the short-time data obtamed on all steels listed 


he previous table. 


The ductility of a 


metal 


IS 


usually 


. function of its ability to elongate and reduce itself in a 


r plastic deformation. 


eiven each test. 


This 


factor w 


ald 


obtained 


Ly 


COTS 


il 


rea 


In consequence, a “ductility factor’ has 


simply adding 


per cent elongation and the per cent reduction and dividing by 


It is believed that such 


a duetility 


bactol 


luctilitv under the conditions of test extant. 


\ review of the data shows, that with the single 


Icon, 


the 


which 


austenite 


element 


steels 


markedly 


Are 


vives 


al eood 11h 


exception 


lex 


Ol 


unproves ductility, the duetilities 


more or less alike 


Lh 


addition of si 


Wh 


ments as titanium, vanadium and molybdenum in increasing quan 


ies develops lerrite 


(celta 


Won ) 


which 


tends 


to 


WMprove 


due 


til 


Carbon in amounts present in the usual commercial wrought 


loys seems to have little effect one way 


so low as to permit ferrite 


rrite to 


temperatures 


be 


generated during 


q)] 


another 


pulling the specimens 


except wl 


at the 


Cl) 


‘to be present or to allow additional 


lowe 


Vanadium appears to be less effective than titanium 


increasing ductility possibly because it is not so potent in its grain 


efining action. 


Discounting the effects of variation in carbon, chromium, nickel, 


tc., in the titanium and vanadium group alloys, the increases in du 


rr 
itv, 


as functions of these elements, 


are shown 


| 


anid 


) 


\ssuming that the ductility increase was due to increasing pro 


mpl expedient 


ents, it was decided to develop low 


temperat 


of lowering the nickel content. 


ure 


ferrite 


hy 


ortions of ferrite and not to any specific action of the added ele 


the 


‘This brought about 


ther modifications in physical properties not wholly unlooked for, 


tended to support the theory that increased ductility resulted 


the 


} 
11) 


presence 


ot 


ferrite. 


This 


May 


be 


SCC] 


hy 


rererence 


1) 


3, Showing ductility of ordinary 18-8 with those containing 


ver nickel contents. 


Short-time properties of silicon, molybdenum, 


d columbium 18-8’s contrasted to commercially rolled low carbon 


» 2 


are shown in Fig. 4. 


lhe amount of ferrite in the compositions investigated was not 


termined quantitatively, but was ascertained by tests with a needle 


pended 


unination of 


within 


the 


field of a 


strong 


the microstructures. 


perman 


‘nit 


maynet 


and 


by 


Typical photomicrographs oO} 















































































Steel 


No 


18-8 Low Carbon 


18-8 High ¢ 


18-8 Silicon 


0) Chromium 


IX & 0.60 Pe 


18-8 0.21 Pe 


18-8 0.44 Pe 


18-8 ORR Pe 


1 


arbon 


18-8 Columbium 


ent 


Nickel 


Vanadium 


Vanadium 


Vanadium 


Pitanium 


Pitanium 


Titanium 


Table Il 
Short-Time Test Data 


Pempet 
ature | 
Brinell ot 
CR l ) lest I 
143 1LO00 
1200 
1400 
Nonmagnetu 1600 
1700 
159 LOO0 
1200 
1400 
Nonmagnetn 1600 
1700 


166 L000 

1200 

1400 

1500 

Nonumag neti 1600 
1700 


07 1000 
1200 

1400 
Magnetu 1600 
1800 

197 1000 

1200 

1400 

1500 

Magnetic 1600 
1700 

179 1000 

1200 

1400 

Nonmagnetu 1600 
1800 


193 1000 

1200 

1400 

Nonmagnetu 1500 
1600 


ly LOOO 

1200 

1400 

Nonmagnett 1500 
1Oo00 


187 L000 
1200 

1400 

Magnet 1500 
1600 


07 L000 
1200 
1400 
Nonmagnetic 1500 


1600 


()? 1000 

1200 

1400 

Nonmagnetik 1500 
1600 


175 1000 

1200 

1400 

Nonmagneti 1500 
1600 


Ibs 
Sq. In 


Itimate 


Per 


+,24 
i8,200 
32.750 
13,650 
9 950 


67,200 

300 
s0,900 
16,190 
14,740 
75,900 
7,100 
$2,200 
»7 OOO 
18,720 
14,080 
80,040 
73,200 
11,420 
$2,450 
26,710 
62,000 
91,050 
36 800 
} A 0 
6,090 
21,650 


80,450 
64,250 
44,450 
4.050 
11,630 


79,500 
4,100 
1,900 
$4,600 
$5,350 
74,700 
67.850 
»5,100 
10,600 
52,150 
77,700 
71.900 
15,000 
37,350 
33,400 
77,700 
64,800 
41,150 
34,750 
6.700 
77,800 
66,700 
46,350 
33,200 
28,150 
72,500 
63,100 
$4,750 
32,000 
6,700 
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Table Il 
Short-Time Tes 


(Continued) 
t Data 





‘ Pempet 
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: Brinell ot 
teel N Ch I Lest l 
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PS 1400 
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Y { m Nick } LOOoO 
Fd LOO 
3 Ov 
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og Nonumagnetu 100 
i (0) 
lo hOoo 
3 Oo 
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a} 
4 1600 
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; Oo) 
= 
; OO 
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7 1400 
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i; 600 
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* 0.12 Per Cent Titanium ) 1000 
i Se 
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Magnetic 00 
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'O | Per Cent 
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‘Average of 
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loys. 


Magnetic or nonmagneti 
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Table Il (Continued) 
Short-Time Test Data 


‘Temper 
ature 
Brinell ot 


el No CE. 3.) Feat *F. 
O-I1 lron Copper-Molybdenum 92 1000 


1200 

1400 

1500 

Magnet 1600* 
1700 

Chromium 156 1000 
1200 

1400 

1500 

Magnetic 1600 
1700 


ase in strength and decrease in ductility 


Elon 

Ultimate gation Red 
Lbs. Per % in tior 
Sq. In 2 Inch of At 
54,446. 37.2 77.6 
18,800 38.7 7 1 

6,725 88.7 

4,800 92.2 

ate 21.8 : 

6,280 24.5 4 
38.500 33.0 

23,000 +8.0 4 

8.350 69.5 99 0 

9,000 S0.0 100.{ 

4,150 92.0 99.0 

3,000 115.0 


with change to gamma 


00 Kg.—10 m.m. ball—room temperature. 


+ 


7000 1200 1400 7600 7000 


Magnetic features determined on etched micro samples by means of a magnet 
designates qualitative indication of presence or absence 
at room temperature 









7200 7400 10 


Tempersture , F. 


1—(Left) Short-Time Properties of 


(Right) Short-Time Properties 
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‘ber of the alloys, including the titanium and vanadium con 
r alloys, are shown in Figs. 5, 6 and 7. 

Che silicon alloy, by virtue of its composition, was nonmag 
ind, consequently, free from ferrite at room temperature. It 


excellent ductility toward the high end of the temperature 


















T 








- ec 


CPE AEE LLOEGR LIT BPI 








40 | 18-5 (EDT SNS e | - 08 Cb SR) 
e ; Py ae e | 
18-8 Low C(R) ie. ~~. 
b { | “A Nh —. 
cs ad ~ 
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3 Jempersture, °F. 
big } (Left) Short-Time Properties of 18-8 (Experimental Steel 19) Compared 
those Containing a Reduced Nickel Content 
Fig. 4—(Right) Short-Time Properties of Sl, Mo and Cb-Containing 18-8 Alloy 
pared with Commercially Rolled, Low Carbon 18-8. 
but suffers a distinct drop in ductility at 1200 degrees Fahr. 
OU degrees Cent.), which may be related to precipitation phenome 
, i occurring at this temperature. A check test from a different 


of bars of the alloy gave the same approximate result at 1200 
rees Fahr. (650 degrees Cent.). 

Contrary to expectations, columbium did not act in a similar 
ner to titanium, as rather poor ductility was obtained in the pres 
of 1.10 per cent columbium. 


\lteration of the chromium and nickel ratio, while maintaining 
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rely austenitic structure, has no appreciable effect on high tem 
ture ductility, as shown by the 18-14 and 22-12 allovs 
lhe effect of composition on the short-time strength at 1400 


1600 degrees Fahr. (760-871 degrees Cent.) may be compared 
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Fig. Photomicrographs of 18-8 Alloys Containing: A—2.00 Per 
B—3.08 Per Cent Molybdenum; C—1.16 Per Cent Columbium Etched it 
200 
from the values given in Table IIT. It will be noted that molybdenum 
and vanadium are quite effective in raising short-time strength val- 
ues. Whether this increased strength is translated to long-time re- 


sistance to creep remains to be determined by tests now in progress. 
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Table Ill 


Comparison of Short-Time Ultimate Strength at 1400 
and 1000 Degrees Pahr. 


Strength, Lbs. Per Sq. In 


at 1400 at 16000 
1 No Devrees Faht Devrees | ahr 
Low Carbon 750 | 651 
High Carbon : sO,.900 16.190 
Silicon 200 18,720 
~ Molybdenum ee 1,420 32.450 
Columbium ‘i 36,800 6,090 
Chromium. Nickel 14,450 $.050 
60 Per Cent Vanadium 11,900 350 
Per Cent Vanadium 100 is 
| Per Cent Vanadium 15,600 § 400 
}21 Per Cent Titanium $1,150 6.700 
0.44 Per Cent Titanium 16.350 8] 
.88 Per Cent Titanium ; $14,750 6 FOI 
1.90 Per Cent Titanium 8.100 18 
+ Chromium. Nickel 1.950 
+ Titanium 55,000 200 
12 Chromium: Nickel IR 250 O00 
Chromium-Nickel-Titanium 59 250 8.750) 
52,500 0.700 
Citanium ; ; 56,750 1400 
litanium 9 TR0 401 
litanium ‘ 6,500 6.450 
. 90 »? 600 
itanium : 33,550 4800 
Chromium-Molybdenum | 70 12.940 
Open-Hearth lron Copper-Molybdenum 6,72 7 = 
Chromium 6350 150 


DISCUSSION ON Hor DucTiILiry 


Quoung Crawford and Worthington,® “Since the conception 
creep has become recognized, the importance placed on tensile 


yperties obtained in short-time elevated temperature tests has be 


me less. The short-time test has a value. howeve1 Ductility at 


] 


rh temperatures continues to carry significance as a measure of be 


ior in hot working processes—forging, riveting, billet) piercing, 
roling—and such a test may be used to advantage in determin 
hot-short ranges.” 

"he foregoing investigation was, therefore, conducted primarily 
letermine the intermediate temperature ductility of a group of 
enitic steels, while tensile values were of secondary importance, 
msidered at all. With this thought in mind, the following dis 

sion may be presented. 

Under torsional deformation (twisting), Sauveur’ states that 

iron is more ductile at 500 degrees Cent. (930 degrees Fahr. ) 
A. Crawford and R. Worthington, ‘Nickel and Nickel-Chromium Alloys Other 


Nickel-Chromium-Iron Group.’’ Symposium-—Effect of Temperature on Meta 
Society tor Testing Materials and American Society of Mechanical Engineers 


Sauveur, “Steel at Elevated Temperatures,’ TRANSACTION American Society 
T 1 - , 
Lreating, Vol. 17, 1930, p. 410 
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than at 900 degrees Cent. (1650 degrees Fahr.), and that th Ss 
shortness apparent between 900 degrees Cent. (1650 degrees 2 
and 1000 degrees Cent. (1830 degrees Fahr.) appears to be ® 


ingly related to the low ductility of gamma iron in this rai 
temperatures. Further, that when alpha iron transforms to 
iron, at elevated temperatures, there is increased stiffness ai 
creased ductility and he infers from this that gamma iron is st1 
and less ductile than alpha iron. 

The short-time tests made on copper-molybdenum ingot iro 
and upon 5 per cent chromium, 0.5 per cent molybdenum steel con 
firm that the alpha state is more ductile than the gamma state. hes 
materials show excellent ductility at temperatures below thos 
responding to the gamma transformation and relatively poor ductil 
ity immediately above such temperatures. The alpha-delta steel con 
taining 17.86 per cent chromium has only minor structural trans 
formations which do not affect its ductility through the tempera 
ture range studied. High ductility is, therefore, retained in this alloy 

Hatfield’ made short time tests of many materials, including 
numerous austenitic stainless steels at 8O0 degrees Cent. (1470 de 
grees Fahr.), and the results show generally less ductility (elonga 
tion and reduction of area) for the austenitic materials than those 
of alpha structure at the test temperatures. Similar low values fo: 
ductility were found by Jenkins and co-workers® on short-time tests 
of numerous austenitic alloys at 800 degrees Cent. (1470 degrees 
Fahr.). Data collected by Aborn and Bain'® show that when failing 
in tension in short-time tests at elevated temperature, the wrought 
chromium-nickel iron alloys have reduced ductility in the intermedi 
ate range of temperatures corresponding approximately to the zone 
of carbide precipitation. Many other test data could be cited to 
show the lower ductility of face-centered crystalline materials, in 
cluding Monel, nickel, Nichrome and many of the brasses at in 
termediate elevated temperatures, when compared to body centered 
alpha iron. 

Variations in the high temperature ductility of austenites occur 
and may be influenced by such factors as composition, grain-size 





‘Dr. W. H. Hatfield, “The Application of Science to the Steel Industry,’’ Section \ 
[RANSACTIONS, American Society for Steel Treating, Vol. 16, 1929, p. 121. 

*Jenkins, Tapsell, Austin and Rees, “Some Alloys for use at High Temperatures 
Tournal, Iron and Steel Institute, Vol. CX XI, No. 1, 1930, p. 237. 

WAborn and Bain, “The Wrought Austenitic Alloys,’”’ Symposium on Effect of [em 
perature on Metals, American Society for Testing Materials and American Societ 
Mechanical Engineers, 1931, p. 466. 





























‘ ( 

cts 
C | ('¢ 
tT * 
LiadlisS 
| Ta 
S alloy 

1 
uding 
/U ce 
1 
LO Ve 

Y 

1 
| those 
es ft 
e tests 
legrees 
tailing 


. le 
rougn 
rmedi 
e Zone 


ted to 


T 


. OCCU! 


in-size 





EN 


ci Cites 


Os eed 


18-8 AT ELEVATED TEMPERATURES 39 





technique of deoxidation, also by testing conditions, 1.e., rate 
train application. With regard to the last mentioned factor, 

1)! mentions variation in short-time strength as being appre 
y affected by rate of loading, but states that the final elonga 

ind reduction of area at fracture do not vary appreciably for 
lely different commercial rates of testing even at high tempera 
Grain size influences short-time ductility of austenitic 18-8, as 
viously shown by the author,’ and the same holds true of strain- 
as applied in creep tests,'* where a large-grained cast alloy 
sved much less total elongation than wrought metal of similar 
nposition. 

\s to effect of state of deoxidation, data are available tending 


show that the more oxidized the condition of the metal the less 


the hot ductility. Some recent work by N. Hamiulton'* correlates 


xygen content and pierceability of alloy steels in the higher tem 


perature ranges. At lower temperatures, ingot iron of low manga 


se content as contrasted to carbon steel containing normal manga 


nese, exhibits wide differences in hot workability and ductility at 


pproximately and slightly above the gamma transformation tem 


‘rature. In metals of face-centered austenitic structure, such as 


nickel and Monel, there is a considerable difference in hot ductility 


rom melt to melt, depending on deoxidation technique employed. 


Deformation tests, such as hot-bending of strip specimens, are con- 
veniently used in practice to select material of good ductility for 
severe hot working operations extending down in to the temperature 


range of reduced ductility. 


From physical tests performed on austenitic alloys at differ- 
temperatures, Schmidt and Jungwirth'® conclude that hot-short 
ss is due to reversible changes taking place in the range 600-900 
rees Cent. (1110-1650 degrees Fahr.), and in tests made at 
and 870 degrees Cent. (1400-1600 degrees Fahr.), the duc- 
increased sharply with increased breaking speed. They con- 


le that the precipitation phenomena causing hot shortness can be 


H. J. Tapsell, ‘‘Creep of Metals,’’ Oxford University Press, 1931 
cit 
Preliminary Report Joint High Temperature Committee. 


‘N. Hamilton, “Determination of Oxygen in Alloy Steels and Its Effect on Tube 
ng r. P. 540, American Institute of Mining and Metallurgical Engineers, February 


chmidt and Jungwirth, ‘“Hot-shortness and Intercrystalline Corrosion of Austenitic 
sion Resistant Steels,’’ Korrosion U. Metallschutz, Vol. 9, 1933, p. 293-302 
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suppressed by high initial temperatures and by quick defo 

Based on work previously referred to, the author does 
himself in complete agreement with these conclusions, having 
that high initial temperatures produce grain growth and exas 
loss of ductility. Increased speed of testing within limits do 
ever, give apparently increased total elongation. 

\ recent and very interesting research was conducted by 
bok'® and co-workers, where a number of plain and speciall) 
fied austenitic alloys were tested under constant load at a 
temperature and the hours to break and per cent elongation’ 
The time to break varied with the alloy composition from 
hours to several hundred, test conditions being 8000 pound 
square inch stress at 1500 degrees Fahr. (815 degrees Cent. ) 
erally speaking, elongation of the alloys tested was comparative 
low, even lower than test results reported herein. The test a 
proximated an overloaded creep test with final elongation being take: 
after the test failed or was discontinued because of long life. Short 
time tensile test values were also reported for a number of special 
alloys at 1500 degrees Fahr., and it is interesting to note that mam 
alloys which may be suspected of containing ferrite, by reason oj 








their composition, gave the highest ductility values. 

It should not be inferred from the foregoing that ductility at 
the higher temperatures commonly used for working these austeniti 
alloys is improved by addition elements or by presence of ferriti 
Generally, the simple, single phase austenites are more readily worked 


or rolled than complex ones. In the latter case, narrower tempera 













ture ranges and increased stiffness create difficulty in commercial 
production of many articles. Accordingly, the production oi 
austenitic steel of good intermediate temperature ductility, by er 
ating a two-phase alloy containing some proportion of ferrite, 1s 
surrounded by many complex difficulties. 

It is not the purpose of this paper to theorize on the reason {01 
the lower ductility of gamma iron, either plain or with alloy cor 
tent, as contrasted to alpha iron. Coincident with this, carbide pre 
cipitation has been accused of much ignoble action in chromium 
nickel steels and may play some part in reducing their ductility withn 
the precipitation range. From the observations recorded here. cat 

“Krivobok, Smith and Lincoln, ‘Progress Report on Strength of Alloys at. 
—— Progress Report, Mining and Metallurgical Advisory Boards, Pitt 


"Although not stated, the percentage elongation in Krivobok’s work was assum 
calculated on a 2-inch gage length. 
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oes not seem to influence ductility to any great extent within 
nge 0.04 to 0.18 per cent carbon even though all tests were 
within the precipitation range. This is true except insofat 
te } luction of carbon permits formation of ferrite \gain, re 
to plain gamma iron as present in ingot iron, with all car 

4 upposedly in the dissolved state at the transformation tempet 


the ductility is just as much impaired as with an 18-8 austenite 


} taining O.14 per cent or more carbon. In this particular case, 
K known that oxygen causes a reduction of ductility producing hot 
: rtness. 
; The influence of stabilizing treatments toward ductility has not 
: studied except in a preliminary way and, consequently, is not 
: orted in this investigation. In some cases slight improvement 
veh : ; been effected by stabilizing a long time (100 hours) at 1500 
t 1050 degrees Fahr. (815-900 degrees Cent.) before testing, but 
ake other cases little or no improvement occurs. The inference may 
Short lrawn that stabilizing, while producing minor changes in struc 
pecia ; ture, does not change the characteristics of austenite sufficiently to 
many : ippreciably improve hot ductility. 
son of : It seems quite apparent that the production of highly alloyed 
istenite with hot ductility equivalent to alpha-delta steels or to 
lity at dinary steels below their transformation points, 1s a difficult if not 
teniti : mpossible task. Perhaps it would be well to recognize that austenitic 
errit : teels are inherently different from ordinary steels and, as such, they 
orked must be handled and treated according to their specific properties. 
npera q li many cases this is being done, but occasionally some slips occut 
lercial ; r complaints are registered because the characteristics of the alloys 
of al i re not known nor appreciated. In any event, ductility 1s adequate 
y ere ; r many purposes, even though changes may be required in prac 
ite, is tices for working, rolling, forming or otherwise manufacturing into 
desired torm. It is believed other well known advantages more 
mn for han offset the slight disadvantage of reduced ductility at certain 
col mperatures. 
ae SUMMARY 
ni 
within Short-time tensile tests have been made on a series of commer 


and experimental chromium-nickel austenitic steels within the 
perature range wherein such steels exhibit reduced ductility under 
ional deformation. Ingot iron, a pearlitic steel and an alpha-delta 
were included for comparative purposes. 








sequence, gave comparative values for the ductility of eac] 
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The test procedure was alike for all specimens and, 


\ “ductility factor” was assigned each test as an indication 


tility at that temperature. 


Certain ambiguities exist im 


the 


action of 


the 


Varlou 


tion agents, making it diffeult to draw any sharply defined 


STOTIS 


ent data and numerous other data not reported herein. 


Sauveur's statement that gamma iron is stronger and | 


tile than alpha iron is readily confirmed. 


It 1s 


held 


that 


The following generalizations have been made based 0) 


iron is inherently less ductile than alpha iron at intermediat 


vated temperatures. 


There are apparently several factors atfecting the ultimat 


tility of 
follows: 
{ a) 
(b) 
(<j 


(cd) 


\ddition elements tending to form ferrite show a tendency 


chromium-nickel austenite 


formation of ferrite. 


which 


may 


be 


Chnume! 


T 
cL 


Deoxidation effects produced by the addition element 


Garain refinement produced by the addition element 


letfect of addition element on carbide solubility and « 


bution (stabilization ). 


unprove hot ductility, but not to the same extent. 


having deoxidation power and grain refining action are more potent 


ly 


t 








‘Those element 


than those which simply form ferrite and stiffen the matrix 


(On 


the 


other hand, silicon promotes increased ductility at the higher ten 


peratures m the absence of ferrite. 


It has been shown that titanium increases ductility possibly fi 


through deoxidation and grain refinement and finally through ter 


rite formation. 


much lesser extent for vanadium. 


action to titanium in preventing intererystalline corrosion effect 


does not improve ductility. 


to the extent that ferrite is formed, improves ductility. 


The production of a general purpose austenitic steel with in 


termediate elevated temperature ductility approaching that of al 


hy} 


of The Babcock and Wilcox Tube Co. for permission to publish th: 
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iron, seems improbable in the light of the foregoing investigatio! 


1 


\} 


Phiel 


A similar trend is shown for molybdenum and to a 


Columbium, in spite of its simula 


Conversely, reduction of nickel content 


The author wishes to express his appreciation to the officials 
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E tained in this paper. Uhe helptul suggestions of N. Hamil 
; acknowledged and special credit 1s deserved by ©. P. Church 
| zak for making the many elevated temperature tests. Thanks 

lue to C. P. Church tor preparation of the photomicrographs 


1) N. Austin for making the chemical determinations 


DISCUSSION 


Written Discussion: [vy Russell Franks, Union Carbide and Carbon be 
thoratories, Inc., Niagara Falls, N. \ 

: tr Newell deserves much credit for the large number of short-time high 

: ture tensile tests made at different temperatures in an effort to secure 

elating to the ductility of the chromium-nickel steels when hot \ 

he data presented pertain only to conditions involving short heating 

uch as those encountered in forging, hot rolling, riveting and billet 

lt is further stated that lack of ductility has caused dithculty in 


fabricating operations such as tube bending and expanding or plate 


ee ae 


\ study of the paper leads to the beliet that it would have been well 
viditional tests been made on typical steels at higher temperatures, becaus« 
initial temperatures above 1700 degrees Kahr. (925 degrees Cent.) are 
ed for these operations. If this had been done temperature ranges giving 
results for both types of operation might have been established Phe 
tance of such data, as well as those designed to show the ranges in which 
ness occurs, can hardly be questioned 
nents , It is generally accepted that ductility at high temperatures does carry 
otent y nificance as a measure of the behavior of a steel in hot working processes 
th, " vever, Is It not true that the strength of a given material also affects tts 
. lity to be hot-worked It is difheult to agree with Mr. Newell's statement 
reveals that in the results obtained, only the duetility values were 


isly considered, whereas the tensile values were of secondary importance, 


first : nsidered at all \cceording to the ductility values given in ‘Table LL of the 
Fes r, steel #18 containing 17.92 per cent chromium, 9.14 per cent nickel, 0.51 
nt sileon, 0.33 per cent manganese and 0.092 per cent carbon should be 
tly more difhcuit to hot pierce than steel #6, which contains 24.96 pet 
hromium, 21.00 per cent nickel, 0.97 per cent silicon, 0.52 per cent man 
C4 ; ind O.10 per cent carbon. The ductility values also indicate somewhat 
itent ror hot rolling and fabricating properties for the higher chromium and 
teel, and it 1s my impression that under present conditions in the 

i . ty of commercial mills the reverse is actually true 
Newell states that heating the chromium-nickel steels in the carbide 
itation range may cause a reduction of impact strength, but ordinarily 
pact strength remaining in low carbon steels is substantial \Ithough 
the case, the values so obtained should not be considered lightly. Usually 
ervice conditions a corrosive influence is present and the tendency to 
brittleness is more pronounced. The importance of this cannot be 
ked in selecting a steel for high temperature service. For example, the 


exhibited by the plain 18 per cent chromium steel at room tempera 
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the foregoing 
The conclusions concerning the effect of the various addition agent 


be commented 


Ni 


8.56 


8.56 


8.68 


8.68 


9 O08 


9 O8 


8.86 


8.86 


8.97 


> ~ 
8.97 


hese 


solid 


present paper. 


appreciable ductility. 


upon. 





Of course, it 


It is concluded that titanium improves the du 





Per Cent 
Si Mn Cc 
0.23 0.47 0.12 
0.23 0.47 0.12 
0.42 0.55 0.10 
0.42 0.55 0.10 
0.46 0.63 0.12 
0.46 0.63 0.12 
0.42 0.54 0.092 
0.42 0.54 0.092 
0.63 0.68 0.10 
0.63 0.68 0.10 


reveal that after holding for relatively long 


solution 


of 


iron-chromium-nickel detrimentally 





Results of Izod Impact 


0.94 


0.94 
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ture after use at elevated temperatures resulted in the replacement oj 


is realized that 


tories on steels with and without titanium and columbium. 


a, 


Cb 


1.16 


1.16 


Tests at Room Temperature 








with the 18 per cent chromium-8 per cent nickel steel for oil cracki 


service, even though at elevated temperature the plain chromium steel | 


Mr. 


ductility of the austenitic chromium-nickel steels at high temperature: 


the steels at elevated temperatures, while columbium impairs this prope: 
should like to submit the results of Izod impact tests conducted at our 


Imy 


Condition of Steel 
Quenched from 1150 
Cent. (2100 degrees 
Quenched from 1150 degrees 

Cent. (2100 degrees Fahr.) 
Held one month at 750 de 
grees Cent. (1380 degrees 
Fahr.) and air-cooled. 
Quenched from 1150 degrees 
Cent. (2100 degrees Fahr 
Quenched from 1150 
Cent. (2100 degrees 
Held one month at 750 de 
grees Cent. (1380 degrees 
Fahr.) and air-cooled. 
Quenched from 1150 
Cent. (2100 degrees 
Quenched from 1150 
Cent. (2100 degrees 
Held one month at de 
grees Cent. (1380 degrees 
Fahr.) and air-cooled. 
Quenched from 1150 degrees 
Cent. (2100 degrees Fahr.) 
Quenched from 1150 degrees 
Cent. (2100 degrees Fahr.) 
Held one month at 750 de 
grees Cent. (1380 degrees 
Fahr.) and air-cooled 
Quenched from 1150 degrees 
Cent. (2100 degrees Fahr.) 
Quenched from 1150 degrees 
Cent. (2100 degrees Fahr.) 
Held one month at 750 de 
grees Cent. (1380 degrees 
Fahr.) and air-cooled. 


degrees 
ahr. ) 


degrees 
Fahr. ) 


degrees 
Fahr. ) 
degrees 
Fahr. ) 


450 








Newell's exp: 
were not intended to cover all phases of high temperature service. 


H 


facts seem pertinent in view of certain of the data recorde: 


periods at 750 de: 


It is generally understood that in steels 0! 


affects 





type about four times as much titanium as carbon is needed to fix the « 
present, and these results indicate that the large excess of titanium alloyed 
stabi 


1 
| 


‘ 


ait 


TC 


titanium remains for practical purposes almost unimpaired, whereas a simi! 
steel containing 0.12 per cent carbon and 0.94 per cent titanium decreases 
preciably in impact strength. 


( 








Cent. (1380 degrees Fahr.) the toughness of a steel containing 18.58 per cent 
chromium and 8.68 per cent nickel with 0.10 per cent carbon and 0.38 per ce! 


‘ 


. a 
PS cettt she 
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erature. Approximately seven times as much columbium as carbon 
| to combine with the carbon in these steels, and again it is shown 
; excess of the carbide-forming element reduces the stability of the 
: mium-nickel matrix at elevated temperatures. On the other hand, 
its given by Mr. Newell show that the 18-8 steel with the highest 
if content (1.90 per cent titanium) is the most ductile at elevated tem 
s a condition indicating that this metal will probably be more suitable 
containing less titanium. It is unfortunate that Mr. Newell did not 
in his tests a steel of somewhat lower columbium content. 


bs s interesting to note in Mr. Newell’s results that the low carbon 18-8 


pa) 


performed well in relation to the other types tested. My beliet is that 
ible applications much is to be gained by using these steels. It is to be 


2 that Mr. Newell will continue his valuable work in an effort to secure 


eee ee 


wtive data concerning the most advantageous temperatures to be em 
in hot working the austenitic chromium-nickel steels 

: Written Discussion: By Dr. Albert Sauveur, Harvard University, Cam 
: re, Mass. 

\ir. Newell quotes me correctly when he reports that from the results of 
twisting tests at elevated temperatures, I concluded that the alpha-gamma 
rmation was accompanied by decreased ductility and increased strength ; 

t is, alpha iron immediately before it is converted into gamma iron and 
certain range of temperature below its allotropic transformation is more 
than gamma immediately upon forming and even more ductile than 
1 iron at temperatures somewhat exceeding the critical temperature. ‘To 
however, that gamma iron is stronger and less ductile than alpha iron 

A thout suitable qualification is somewhat misleading. I am in the habit of ce 


ing the phenomenon by means of a simple diagram. 


D 


1200. 





D B’ 900°. 


\B represent the ductility of alpha iron at room temperature Its 
ty increases with increasing temperature—except for a temporary decreas 
blue heat range. It is maximum at the highest temperature at which it 
ist; that is, immediately before it is converted in gamma iron at about 
egrees Cent. (1650 degrees Fahr.). It is represented in a diagram by 
tance A’B’ > AB. The allotropic transformation is accompanied by a 
ductility, its new phase, gamma iron having a ductility represented by 


< 


tance CD < A’B’. In other words, A’B’ represents the ductility of 
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alpha iron (necessarily maximum) at the highest temperature at wl 


iron can exist, while CD represents the ductility of gamma iron (n 
minimum) at the lowest temperatures at which gamma iron can ex 
creasing the temperature of gamma iron results in increased ductility 
becomes greater than the maximum ductility of alpha iron—at 1200 
Cent. (2190 degrees Fahr.) it might be represented by the C’D’ yx 
greater than A’B’. I have expressed the belief that the red shortness 
is confined to that range of temperature where gamma iron has relativ: 
ductility, namely between 900 and 1000 degrees Cent. (1650-1830 
Fahr.), and that alpha iron is never red short. 

Written Discussion: By R. H. Aborn, U. S. Steel Corp., Rk 
laboratory, Kearny, N. J. 

In view of the author's statement, on page 227, that the as-forged 
condition is conducive to highest ductility in short-time elevated tem) 
tests it may be of interest to note certain results obtained in this labor 
alloys of comparable composition, but tested in the annealed (or 


stabilized) condition. The following table provides a comparison 


Ductility | 


LOOO 1200 
BIN Degrees Degrees 
(original ) Fah1 Faht 
lLow-Carbon 18-8 annealed 165 $6.7 $6 
Author's corresponding Alloy (31) as torged 143 55.5 57 
Stabilized (Ti-bearing) 18-8 155 49.9 96.9 
Author's corresponding Alloy (#12) as forged 175 Pe, 47.1 
22-12 Chromium-Nickel annealed 175 $5.3 19.4 
Author's corresponding Alloy (#16) as forged 169 51.6 47 
Stabilized 22-12 Chromium- Nickel 165 30.6 $2.9 
Author’s corresponding Alloy (#17) as forged 179 47.5 $1.4 
Molybdenum-bearing 18-8 annealed 149 46.0 55.1 
\uthor’s corresponding Alloy (#4) as forged 207 t3.7 +4 
Direct value from author's paper, TRANSACTIONS, American Society for ot 


ing, Vol. 19, 1931, p. 673 


t 


“Interpolated value 








It will be seen that more than halt of the ductility factors are hig! 
the annealed than in the as-forged condition (author’s standard) ; this tre: 
particularly evident at testing temperatures above 1000 degrees Fah 


degrees Cent.). While the author's statement may be true with respect t 








behavior of the regular 18-8 grade, it appears that any generalization extend 


ing to other austenitic chromium-nickel steels is open to some doubt 


Author’s Closure 


The author wishes to thank Mr. Franks for his interesting discuss! 





The paper was primarily intended to throw light on those temperatu! 


ranges where hot-shortness appears in straining during certain forming op 


tions where the work-piece cannot be maintained at the optimum tempe! 


for working the alloy. Also, to point out that tubes of austenitic chromiun 


nickel steels, when failing under pressure on overheating, will do so wit 
abrupt fracture and that this is characteristic of not only 18-8 but 

austenitic chromium-nickel combinations. Additional tests, such as sugeg 
by Mr. Franks, have been made on several of the alloys at temperatures 
tending much higher than those reported. In many cases, the shortnes 











SCUSSION—I18-8 AT ELEVATED TEMPERATURES 24, 
great extent within the ranges used for piercing, rolling, or tore 


wise, it would be impossible to produce the alloys in commercial 


eth undoubtedly affects ability to be hot-worked, the higher strength 
uring more power and more numerous passes In effecting a given 
in cross section than 1s the case with the lower strength alloys 

well known that steel No. 18, containing 17.92 per cent chromium 
ent nickel and 0.092 per cent carbon is much easier to pierce than steel 
hich contains 24.96 per cent chromium, 21 per cent nickel, and 0.10 
carbon \Ithough ductility values are about equal for the alloys at 
liate elevated temperatures, the reverse is true in the usual working 


piercing and rolling as may be seen trom the following data 


No. 6 
Chromium 25 Per Cent—Nickel 21 Per Cent 
Ultimate Strength Elongation Reductiot 
es Faht p.S.1 Yo iW inches 
0 7000 62.5 19.6 
100 $SO0 62.0 45.8 
1)f) 3650 ().0) 4 7 
2900 IZ 66 
No. 18 
Chromium 18 Per Cent—Nickel 8 Per Cent 
4700 R50) +0 
3575 82.8 80.5 
1() 2500 100.0 100.0 
if) 2300 122 1g & 


he results submitted by Mr. Franks pertaining to dynamic impact proper 


T 


17 


alloys at room temperature are of interest and may be considered satis 


in all cases except for the 0.94 per cent titanium alloy which dropped to 


lbs. on long treating. Being only concerned with static tensile properties, 


present investigation, no tests were made as to impact properties but as 


anks knows. only low carbon alloys are used in high temperature applica 


s where shock is likely to be encountered after cooling. The low carbon 


‘ 


remain tough and shock-resistant. 
was not meant to infer that 1.90 per cent titanium is more suitable 
ne containing less titanium but only to show that sufficient quantities ot 
torming element tend to improve ductile properties by formation of an 
te-ferrite duplex structure. In selecting the optimum amount of the 
element to use, considerations other than ductility also influence the 
last but not least of which is economy \s to columbium, possibly 
portunity will present itself to test other alloys containing this element 
author concurs with Mr. Franks that low carbon “18-8” steels per 


well in relation to other types tested and experience has already shown 


nuch is to be gained by suitable application of these steels. 


rotessor Sauveur’s simple diagram ably depicts the relationship between 


ctility of alpha iron and gamma iron at various temperatures in those 
having allotropic transformations. In the straight gamma iron alloys, 
no or only minor transformations, the hot short range 1s somewhat 
than in the transformable alloys and lessened ductility may be in evi- 
etween 1250 and 1850 degrees Fahr., or higher. At ordinary tempera 


he gamma alloys may be highly ductile and also quite ductile at high 
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temperatures although stiff due to their high alloy content. In the i 
mediate range, their ductility never approaches that of alpha iron at the | 
temperature at which it can exist. 

In view of the ductility of alpha iron just before its transformatio1 
rational to expect that the presence of some alpha iron in the gamma typ 
would improve the ductility of these alloys at intermediate temperatures 
evidence would seem to indicate that this is the case. 

Dr. Aborn’s interesting discussion would indicate that further w: 
annealing for carbide fixation should be done to accurately determine w! 
or not improvement in ductility would be gained thereby. In a few tests 
this line, the author found a very slight improvement in ductilty in plain 
alloys as a result of annealing with the major change being a shifting 
temperature of minimum ductility. In the silicon-containing alloys, 
stantial improvement in ductility factor was obtained over the “as 
condition when the alloy had been stabilized, viz. Analysis: carbon 0.14 per 
manganese 0.55 per cent, silicon 2.00 per cent, chromium 17.54 per cent, 
9.80 per cent. 


Stabilized 100 Hours 


Temperature As-Rolled at 1575 Degrees Faln 
1400 71.35 79.45 
1500° 75.0 64.55 
1600° 78.6 75.9 
1700 82.1 85.6 
The statement on page 227 that the grain-size affects elevated temp: 


ture ductility is correct regardless of composition when related to gamma 
alloys. However, it was meant to imply that the fine-grained forged or 
rolled condition provides greater ductility than any annealing treatment w! 
might cause an enlargement of the grain of the metal. 

The author thanks those who offered discussion for enhancing the 
of the paper. 
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THE COBALT-MOLYBDENUM SYSTEM 
By W. P. SyKES AND Howarp F. GRAFE 


d lbstrac t 


The constitutional diagram of this binary system has 
heen constructed from data derived from microstructures, 
X-ray pholograms, thermal analysis and measurements of 
electrical resistance and thermal expansion. 

Cobalt dissolves about 26 per cent of molybdenum in 
the solid at 1360 degrees Cent., the eutectic temperature. 
The solid solubility of molybdenum in cobalt decreases to 
less than 2 per cent at 700 degrees Cent. The complete 
eutectic occurs at a composition near 36.5 per cent 
molybdenum and is made up of the hexagonai cobalt-rich 
solid solution, y and e, an intermediate phase correspond 
ing to the fomula CoMo. This « phase is formed from 
the melt upon cooling, by a peritectic reaction at 1550 de 
grees Cent. between the cobalt-rich liquid and a second 
intermetallic phase, », containing about 71 per cent 
molybdenum and represented by the formula Co,M og. 

The » phase forms at 1620 degrees Cent. upon cooling 
from the melt by a second peritectic reaction between the 
cobali-rich liquid and the molybednum-rich 8 phase. » de 
composes at 1250 degrees Cent. upon cooling into ¢ and 8. 

he 8 phase represents the molybdenum-rich solid so 
lution dissolving about 3 o cent cobalt at 1600 degrees 
Cent. (2910 degrees Fahr. 

The face-centered eiic form of cobalt extends to a 
re concentration of some 25 per cent at about 

310 degrees Cent. At this temperature it is formed as 
the B phase upon cooling the hexagonal solid solution, by 
the reaction y + ¢€ = B. At 1200 degrees Cent. another 

hexagonal phase, O, containing about 25 per cent molyb- 
denum forms upon cooling by the reaction B +e 2 9. 
his phase i 's stable between 1200 de grees Cent. and 1050 
degrees Cent. At the latter temperature © decomposes by 
a reaction which at present 1s somewhat obscure, but be- 
low 1000 degrees the structure 1s represented by B and 
another phase, K, containing about 32 per cent molyb- 
denum. 

The higher transformation point in cobalt (1020 de 


\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934. Of the authors W. P. } 
metallurgisf, and H. F. Graff is assistant metallurgist, Cleveland Wire Works, 


‘neral Electric Co., Cleveland, Ohio. Manuscript received July 3, 1934 
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grees Cent.) appears to be raised to about 1310 degrees | 
the addition of 25 per cent molybdenum, while the lowe) 
point (420 degrees Cent.) is depressed to about 240 ad 
grees Cent, at a molybdenum concentration of 1 to 2. pe) 
cent 

Lhe cobalt-rich solid solution, B, ts subject to ag: 
hardening at temperatures above 450 degrees Cent. A 
maximum hardness of Rockwell C 63 was developed in an 
aloy of cobalt 4+- 15 per cent molydenum by aging at 550 
degrees Cent. for 100 hours. The hardness developed b 
aging m these alloys approximates that of the cobalt 
tungsten alloys but is less resistant to protracted heatini 
at temperatures in the range of 600 to 700 degrees Cent 


Hille study of this system was undertaken primarily to ob 
the physical properties and especially the hardness chara 


istics of the terminal solid solutions. lor a satisfactory underst 


= AYN eS 
RBM AO AR ean 


PATONG ON 


# 


ing of these phases a detailed survey of the entire system seemed « 


sirable in view of the conflicting interpretations of earlier data 


PREVIOUS INVESTIGATIONS 


lhis system has been deseribed in part by Raydt and ‘7; 
mann, (1)* by Takeshi Taker (2) and most recently by Ioste: 
lonn (3). The last named investigators offered a constitutional <i 
gram based upon magnetic and dilatometric analyses as well as mic: 
structures and include some data relating to age hardening and ma 
netic properties in the cobalt-rich solid solutions. The conclusi 
drawn by these investigators will be discussed later in connection wit! 
the constitutional diagram. 

Raydt and Vammann contined their investigation mainly t 
solidus-liquidus temperature range. Their diagram shows the ; 
eutectic range extending from 28 to 62 per cent molybdenum, th 
eutectic composition at 37 per cent molybdenum and the melting 
point of the eutectic at 1330 degrees Cent. (2425 degrees Fah 
The intermetallic phase CoMo is shown as forming at 1485 degrees 
Cent. (2705 degrees Fahr.) by a peritectic reaction between moly! 
denum and the cobalt rich liquid. 

he following abstract of Taket's report includes his find 
and his interpretation. “The equilibrium diagram of the cobalt 


molybdenum system has been studied by means of the «lilatomet 


“The figures appearing in parentheses refer to the bibliography appended t 


paper 
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fe COBALT-MOLYBDENUM SYSTEM 1 


thod. magnetic analysis and microscopic examination. With an 





‘ reasing amount of molybdenum the transtormation point of pure 
a ~ 1 
¥ Wt (472 degrees Cent.) is gradually raised on heating and low 
é on cooling, reaching room temperature at about 13 per cent 
i vybdenum. When the molybdenum content reaches 22 per cent 
‘ above transformation becomes reversible im both heating and 
linge. and when the molybdenum content is turther mereased and 
1600 
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1200 » 3 
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- oO 
wo > 
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ow “” 
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> 
Ww 
40 7 9 
rr $s 
o+ed 
200 
wt % Mo 
his 1 Constitutional Diagram of ( alt 
Molybdenum System after Koster and Tom 
' 
ter o oe a ~~ ° ‘ . . . 
ters the range between 27 and 55 per cent the alloy undergoes a 
ritectoid reaction (gamma -+- epsilon <— hexagonal) at 1040 de- 
. ees Cent. (1905 degrees Fahr.). (The gamma phase here men 
ned reters to the face-centered cubic modification of cobalt). The 


ws between 58 and 71 per cent and those between 62 and 96 per 
nt molybdenum torm two solid solutions, epsilon and eta, as a re- 
of the peritectic reactions, liquid + eta <= epsilon at about 1500 
rees Cent. (2730 degrees Fahr.) and liquid + delta (molyb- 
num) =< eta at 1550 degrees Cent. (2820 degrees Kahr.) re- 
ectively. The two solid solutions are mainly composed of CoMo 
Co,Mo,. The epsilon phase produces an eutectic with the 
ma solid solution, while the eta phase decomposes into the eps 


1 


ana delta solid solutions at 1340 degrees (ent (2445 degrees 
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ahr. ). he delta solid solution dissolves about 2 per ce 
cobalt.” 

he diagram of WKoster and Tonn is reproduced in Fig. 
will be noted this diagram in the cobalt-rich field has the forn 
vested by ‘Taker although the magnetic data are rather diffic 
interpretation. No mdication of the intermediate phase at 7 


cent molybdenum is shown in this case. Moreover these investi 







MY 
20 7 
. 
a 
. 
° ° 
. . 
— ia . eC 
sa COBALT TC . * 
v No. 10 ° 3 
% 
i2 ; ie ° - 
. 
. 16 e ¢ 
° 1080 . ° 
i 1042 e ° 
14 ° , 
1004 
322 
10 966 cCot2%mMo 


— i2 No 4 297 


10 
8 
ph 
SECBO 120 160 40 80 120160 40 80 120 i60 
100 140 180 60 100 140 en 1°94 140 
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denum Alloys 


consider the tpper transformation point in pure cobalt as merely 
Curie point involving no change in lattice. Takei apparently mak 
no mention of this point. Koster and Tonn from dilatometric data 


conclude that the lower transformation is raised by the addition o! 


molybdenum, although they include no history of the specimens usec 


in these measurements. As will be noted later the previous treat 
ment of the cobalt-rich solid solutions must be considered in th 
interpretation of any expansion measurements made in this range 0! 


temperatures 
MLATERIALS AND METHODS 


Both the cobalt and molybdenum metals used in this work wer 
in the form of hydrogen-reduced powder prepared by methods p! 
viously described (4), (5). The cobalt contained about 1 per cent 1 
purities including 0.6 per cent nickel and 0.2 per cent iron. | 
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MOLYBDENUM SYSTEM ) 


ty of the molybdenum was about 99.8 per cent \llovs were 
red from briquettes of the mixed powders either by sintering, 
melting in alundum crucibles or by a combination of both meth 
\ll heatings at elevated temperatures were carried out in the 
rogen atmosphere of a tungsten-wound alundum mutile resistor 
ice with rheostat control. In order to maintain a constant tem 
iture during long treating periods one such furnace was equipped 
th a voltage regulator operated by an automatic voltage control 
hydrogen flow was held nearly constant by a reduction valve in 
supply line. By these means it was possible to operate the fur 
e at any desired temperature between 1LOOO and 16000 degrees 
(1830-2910 degrees Fahr.) with a maximum variation of one 
cent over periods of days. ‘Temperatures above 1300 degrees 
nt. (2370 degrees Fahr.) were measured with an optical pyrom 
which had been recently calibrated by observations on the melt 
points of mickel and iron melted im the hydrogen atmosphere 
lreezing point determinations and the detection of critical points 


rare metal couple was used in conjunction with a potentiometer and 


ilvanometer. 


PHERMAL DATA ON TRANSFORMATION POINTS IN CORAL’ 


In an earher paper (4) the critical points in cobalt were placed at 


pproximately 420 and 1020 degrees Cent. (790-1870 degrees Fahr. ) 


unly trom evidence obtained by X-ray diffraction methods. The 
arked halt in the cooling curve of cobalt at the lower temperature 


also mentioned. In connection with the present investigation 


irther attempts were made to detect some evidence of the upper 


tical point by thermal analysis and especially to determine the 


tect of molybdenum upon the lower point. 


[he data reported here were obtained from 50-gram melts of 
alt or the cobalt-molybdenum alloys fused in alundum crucibles 


the hydrogen atmosphere of a vertical tungsten wound furnace 


[he cooling was observed with a galvanometer and rare metal 


uple ina silica protection tube. In the lower ranges of temper 


ture a chromel-alumel couple was substituted for the rare metal 


uple. 

In several instances a barely detectable halt was observed at tem 
ratures between 1000 and 1050 degrees Cent. (1830-1920 degrees 
thr.) while cooling cobalt from the freezing temperature. These 


Ss were never noticed in metal which had been once cooled below 









LOOO degrees Cent 




























(1830 degrees Fahr.) and then reheat 
some time between 1200 and 1400 degrees Cent. (2190-2550 4 


a 
' — 5 


(One such set of data is shown in Fig. 2 marked cobalt 


leahr. ) 


fhe cooling rate in this case, between 1200 and 1000 degrees 


(2190-1830 degrees Kahr.) was trom 5 to 8 degrees Cent. per 


ute. The halt at about 420 degrees Cent. (790 degrees Fahi 


sane RATT kis SERRE IG 


pronounced in all cases. The intensity of this halt appeared 


wae 


ereatest after the metal had been held for some hours at a tet 
ature of OOO to SOO degrees Cent. (1110-1470 degrees Fahr 
a cooling curve is shown in Fig. 2 marked cobalt No. 4 

No imdication of either thermal pomt was observed in ai 
of cobalt with 5 per cent molybdenum cooled from 1400 to 10 
evrees Cent. (2550-210 degrees Fahr. ) \n alloy of 2 per « 
molybdenum, however, gave evidence of a slight heat evolutios 
helow 420 degrees Cent. (790 degrees Fahr.) during the 
cooling trom the melt. This 1s represented as Co + 2 per cent 
(No. 1) in big. 2. This specimen was reheated immediately to a 
tOO degrees Cent. (750 degrees Kahr.) and held at 400 = 15 de 
Cent. for 50 hours. Upon subsequent cooling the discontinuity 
shown in curve No. 2 was observed at about 250 degrees Cent. (4& 
degrees ‘ahr. ) 

Since by resistance measurements the solid solubility of n 
denum in cobalt had been indicated as below 2 per cent at 700 
erees Cent. (1290 degrees Fahr.) it appeared that a longer heat 
at about 500 degrees Cent. (930 degrees Fahr.) might bring the 
more nearly to a state of structural equilibrium. The two curves ther 
marked No. 3 in Fig. 2 resulted upon cooling this specimen afte! Vs 
holding at 500 degrees Cent. (930 degrees Kahr.) for 50 hours 
Chere is still a suggestion of the point which occurs in pure col 


at 420 degrees Cent. (790 degrees Kahr. ) together with a seeming! 


Bh ee High eid Sa et 


double cusp between 240 and 230 degrees Cent. | 465-445 degrees “act 
lahr.). These data indicate the effect of molybdenum in depressing 
the lower critical point of cobalt and together with the dilatometri n In 
results have been embodied in the constitutional diagram as sh hro 
in Fig. 7 


DiLATOMETRIC DATA 1 


fo obtain further possible information on the nature o! 


cobalt-moélvbdenum alloys in the region of the lower critical p 
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f ) . — ] } . otiwel 
ot 2 and 5 per cent molybdenum respectivel 


On) cobalt 





ana 


Two 
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Che equipment used for these determinations was similar in con 


to that described by Scott (6) and by 


Kempt (7 


llaameter were machined from cast alloys which had 


} 


he 


uartz tube was supported in the lower end of a nichrome-wound tut 


ce with rheostat control. Specimens 3 inches in length and 5x inches 


been heate a 


hydrogen for 50 hours at 1300 degrees Cent. after solidification 


omel-alumel couple wedged into a drilled hole in the middl 


\ 
ot 


specimen served to indicate the temperature in conjunction with 


otentiometer 


and galvanometer. The 


neating 
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ill 


A 
\\ 


ned nearly constant between one and two degrees Cent 
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though in cooling below 200 degrees Cent 


ate decreased somewhat. 
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Ible structural equilibrium, the specimens, atter machining, 
heated to SOO degrees Cent. (1470 degrees Kahr.) and co 
about 300 degrees Cent. (570 degrees ahr.) over a period 
hours 

ln bag. 3 curves A show the course of the thermal « 
and contraction of the cobalt specimen Phe first change in 
the expansion curve oceurs at about 420 degrees Cent. (790 « 
ahr.) and in the contraction curve at about 380 degrees Cent 
degrees lahr. ) he expansion curves of the alloys show a 
Hl slop at 230-240 degrees Cent (445-405 degrees ‘ahr. ) 
reasons ot clarity the contraction curves of the alloys are not 
here In reneral they comeide closely with the CXPANISION ¢ 
(Changes im resistance and hardness resulting trom: low temper 
treatments madicate that structural chanees occur very slowly 
degrees Cent (750 degrees ahr.) im the cobalt-rich solid so 
of molybdenum or tungsten lo observe the expanston ehat 
istics Of a supersaturated solid solution the 5 per cent molybd 
alloy was reheated at LOOO degrees Cent. (1830 degrees ahi 
S hours and quenched. Subsequent measurements of thermal « 
pansion resulted im curve LD of Fig. 3 which appears to chai 
slope first at about 225 degrees Cent \t about 6000 degrees | 
(1110 degrees Kahr.) the slope again distinctly mereas 


cooling this alloy to lOO degrees Cent. a marked decrease in 


was observed as indicated by the lower curve of D \pparent! 


ome precipitation of the molybdenum-rich phase had taken plac 
the higher temperatures during the measurements, which wou! 
sult in a volume decrease in the specimen, 


’ 


In the upper corner of Fig. 3 is inserted a plan of the e 
tutional diagram in the low temperature, cobalt-rich field Chi 
suggested by the combined data from the measurements of res! 
and of thermal expansion and the cooling curves 

lilatometric data recently obtained from alloys of cobalt 
tungsten are of such striking similarity as to warrant imelusion 
hese are shown in Fig. 4 together with the history of the specu 

The expansion curves of the supersaturated solid: solution 


loys quenched from elevated temperatures) differ markedly 


those of the alloys which had been treated to approximate struct! 
ha 


equilibrium at 300 or 400 degrees Cent. (570-750 degrees lea 
No explanation of the form of these curves will be offered 


should suffice, however, to emphasize the important effect of pre) 
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it alloy wire hese wires were produced from alloys melted 
lrogen and subsequently hot-rolled, swaged, and drawn to a 
d diameter which varied among the several lengths between 
Ye - 
QO and O.O251 inch hese alloys harden rapidly with working, 
| t was tound necessary to anneal the 15 and 1I& per cent molyb 
m wires twice while drawing from 0.000 to C.025 inch in 
e ter \ttempts to finish the 20 per cent molybdenum alloy by 
; were unsuccesstul 
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be 
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To insure the formation of the single phase solid soluti % 
wires in six inch lengths were heated for 5 hours in hydro; 
1300 degrees Cent. (2370 degrees Kahr.) and cooled in hydrs 
room temperature. (from 1300 to about 500 degrees Cent 


1 


930 degrees Kahr.) in 30 seconds). Three specimens ot eacl 


sate. 


position were so heated, each wire being inserted in a small 
tube. ‘The identity ot each specimen Was preserved I) SU 
marking so that its resistance might be followed throughout 
quent treatments. The apparatus and procedure involved 


measurements have been previously described (4). 


Table I 
Specific Electrical Resistivity at 25 + 0.5 Degrees Cent. of Cobalt-Molybdenum Alloys 
Per Cent Molybdenum Resistivity 


By Weight sy Atom Ohms x 10 
0) 0.0 (Cobalt) 10.0 


) 


18 13.5 @4., 
These data from wires cooled rapidly in hydrogen after heating at 1300 
(2370 degrees Fahr.) for 5 hours in hydrogen 


Diameter of wire—0.02505 + 0.00005 incl 
\Mleasured length 3.990 inch 


In ‘Table | are listed the values for specific resisitivity obtain 
trom this series. The relation between resistivity and molybdei 
concentration is represented by the curve in Fig. 5 

\ group of wires as cooled rapidly from 1300 degrees Cent 
(2370 degrees Fahr.) were subsequently heated in hydrogen for 25 ; 
hours at each of a series of temperatures between 1050 and 700 «i 
erees Cent. (1920-1290 degrees Fahr.) to determine the limit of th 
solid solution field in this temperature range. The wires were cool 
rapidly to room temperature as described above and the resistan 
25 + 0.5 degrees Cent. In Fig. 6 are sh 


> 


measurements made at 


RE elie CRY EARLY oc ss 


the results of these measurements. In the compositions betwee! 
and 18 per cent molybdenum an unexpected increase in resista 
was observed after the first 25-hour heating period at the tempe! 
atures indicated in the figure. Subsequent heating, however, at thes 
temperatures or lower temperatures resulted in a marked decreas 
resistance. The line A-A’ representing the limit of solid solubility ratu 
is drawn on the assumption that the initial increase in resistance 1s | iS 1 


phenomenon accompanying the early stages of precipitation . reas 





vas observed that the resistance increased noticeably 


ach one hour heating period at 1300 degrees Cent. ( 


follow 
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itures as low as 1050 degrees Cent. ‘These increases amounted 
; 7 . P 7 1 
§ much as 1 per cent for each 25-hour heating period. No such 


se was observed in the case of the 18 per cent molybdenum 
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alloy above 1000 degrees Cent. | 1830 degrees Fahr.) and wa as 
slight in the 2 per cent molybdenum alloy. The cobalt wire s e 
no variations in excess of that attributable to experimental er1 
It appeared possible at first that the above mentioned i: g 
' ng € 
might be due to some sort of contamination during the hig] 
perature treatment. Upon reheating the wires to 1300 degre 
(2370 degrees Fahr.), however, the resistance decreased agai 
value very closely approaching that obtained after the previous 
ment at 1300 degrees Cent. (2370 degrees Fahr.). Time 
available to turther study this problem but the suggestion is « 
Table Il 
Cobalt Cobalt 2% M 
Treatments (consecutive tesistance Res. Change Resistance Res. ( 
Heated 900 deg. Cent 1 hr 0.0320 ee hee 0.0745 
GOare 8 8 (4p bies : 0.0750 
Heated 900 dee. Cent 1 hi 0.0319 0.0001 0.0740 
0.0319 t_Q. 0002 0.0744 
Heated 900 deg. Cent 1 hi 0.0320 0.0001 0.0745 
0.0320 0.0001 0.0748 
Heated 00 deg. Cent 15 hrs 0.0321 t-0.0001 0.0624 
0.0320 0.0000 0.0623 
Heated 700 deg. Cent. hrs 0.0322 t-0. 0001 0.0583 
0.0322 LQ OO002 0.0584 5 
Heated S00 deg. Cent 5 hrs 0.0321 0.0001 0.0628 ’ 
0.0322 0.0000 0.0621 
Heated 990 deg. Cent l hr 0.0321 0.0000 0.0748 
0.032 0.0001 0.0752 
lieated 1080 deg. Cent l hr 0.0322 L_0).0001 0.0731 
0.0323 t-. QO002 0.0744 
Heated 1200 deg. Cent 1 hr 0.0323 +-(.0001 0.0743 
0.032? 0.000] 0.0745 
Each value is average of three measurements on single wire ‘ 
Wires previously annealed at 1100 to 1150 degrees Cent. (2010-2100 % 
tor 5 hours after last drawing operation z 


here that such changes in electrical resistance may be the result 
structural disturbance incident to cooling through the y-f field 

Table II is included to show the changes in resistance obser\ 
during a series of treatments in the cases of pure cobalt and the - 


per cent molybdenum alloy. It will be observed that after 3 hours 

at YOO degrees Cent. (1650 degrees ahr.) the resistance of the alloy 

wires has approached a constant value. This decreases marked 

after the treatments at 700 degrees Cent. (1290 degrees Fal 

After reheating at 800 and 990 degrees Cent. (1470-1815 degrees 
ahr.) the initial resistance is regained. Note, however, that 

heating for 1 hour at 1080 degrees Cent. (1975 degrees Fahr.) a : 


real decrease is observed which disappears after a subsequent 
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stem is offered in Fig. 7. 
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ie system were first approximated by the conventional freezing 


at 1200 degrees Cent. (2190 degrees Fahr. ) 


Ctl 


Che decrease in resistance of the alloy wire 


heating’s 


sugs 


ver end of the two solid solution field as drawn in 
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\ tentative constitutional diagram of 
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Fig. 3 Tentative Constitutional Diag 
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(2) 


(4) electrical resistance and (5) 


( (>) cooling Curves. 
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847 


dilatometric 


gests a possible rearrangement in structure required by 
the diagram 


; Corresponding data for the other alloys is not at present 





100 


the cobalt-molybdenum 
This is based upon observations of (1) 


diffraction patterns, (3) liquidus and _ solidus 


data 


The liquidus and solidus temperatures in the cobalt-rich end 


rve method. 


not entirely satisfactory. 


Due to frequent supercooling the resulting data 





The eutectic temperature was how 
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ever quite detinitely fixed by this method at 1500 + 5 degrees 


(2480 degrees Fahr.). This method of determining the solidus 


~ 


Kass or: 
_ 
- 


perature was supplemented by observing the melting points 


series of alloys in wire form when slowly heated in the hyd 


SS 
>i, 


atmosphere as previously described (4). The existence of a per 
reaction was suggested by the microstructures of homogenized 


reheated and quenched to determine the solidus. Such a structur 





* 


Ae s&s 


yy 


seen 1n ig, S where the liquuid network 1s bordered by a COonstituel 


distinctly different in appearance from the solid phase further yr 
moved from the liquid. In contrast to this the 15 per cent molyb 


denum alloy, Fig. 9, similarly treated shows no such distinct inte 


— - 


> 


mediate phase This evidence 1s in itself not conclusive § for 


phenomenon may be merely one of “coring” in which case the dit 


sa gh lc SR INTO 


ference between the two structures might be attributed to the differ : 


ie 


=H) 


ence in composition of the alloys. The freezing curves showed 





halt corresponding to such a reaction which could be distinguished 


trom the eutectic horizontal and as wall be noted later the X-ray evi 


Z 


dence indicates the absence of a peritectic reaction. — In compositions 


as low as 23 per cent molybdenum there occurs, even after very slow 


freezing, a marked segregation of the eutectic-like molybdenum-ricl 








phase which may be completely absorbed by prolonged heating at 

1325 to 1350 degrees Cent. (2415-2460 degrees Kahr.) in alloys con A 

taining as much as 25 per cent molybdenum. | & 
Such a segregate, bordered by a striated area of solid solutio = 

is Shown in Fig. 10. As will be mentioned later these etch darkened x 


EP LOL BELA RELL ES DOLE RAE LS ALA SIRE at CREEL TAO: 


striations seein to be typical of the cobalt-rich solid solutions supe 
saturated in molybdenum. ‘The solid solution changes in appearance 
with increasing molybdenum content as may be observed by compat 
ing Figs. 11 and 12, alloys of 15 and 27 per cent molybdenum re 
spectively which have been quenched after long heating above 1300 


degrees Cent. (2370 degrees Fahr.). In the 27 per cent molyb 





denum alloy the darkly striated phase exists along with a scattering 
of eutectic («). By long heating in the range of temperature be 
tween 1200 and 1300 degrees Cent. (2190-2370 degrees Fahr.) th 
cobalt-rich phase undergoes a change as illustrated in Figs. 13 and 14 
The darkly striated areas give way to those marked by rectangulat 
hands suggestive of a face-centered cubic form. Note the short 
needle-like markings in this phase (Fig. 13), suggesting the p1 
ence of a precipitate. 


The significance of the darkened striations is perhaps better 1 





THE COBALT-MOLYBDENUM SYSTEM 


1 ROSATO, RAR eS, TREES 
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20 Per Cent Molybdenum x 200 Reheated 
Degrees Cent. and Cooled Rapidly. Etched in Aqua Regia 
Cobalt + 15 Per Cent Molybdenum 200 Treated as Specimen 


\—Cobalt +- 24 Per Cent Molybdenum. 00. Alloy After Freezing 
0) ] Degrees Cent. for 25 Hours and Quenched Etched in H.O 


g. 1l1—Cobalt + 15 Per Cent Molybdenum 00 Reheated 1320 + 10 De 
Cent 0 Hours After Rolling. Quenched from 1320 Degrees Cent Etched 
Regia 
Fig. 12—Cobalt + 27 Per Cent Molybdenum 200. Quenched from 1330 Des 
Cent. After Heating 50 Hours at this Temperature, Etched in H,O< + HsPO, 
Fig. 13—Cobalt + 27 Per Cent Molybdenum 200 Heated for 50 Hour 
then for 125 Hours at 1250 Degrees Cent and Ouenched Etched i1 H.O 
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) oad ‘| 
vealed by the structural changes occurring within the y ph x —_ 
alloys near the eutectic composition. In Fig. 15 is shown & 
alloy, frozen slowly then cooled from 1325 degrees Cent. (24 


erees ahr.) to room temperature in about 3 minutes. N 





darkened striations in the primary cobalt-rich areas. After 


ing this specimen at 1275 degrees Cent. (2325 degrees Fah: 





30 minutes and quenching, the cobalt-rich areas undergo the ec! 
illustrated by Figs. 15, 16 and 17. The darkened bands ar 


much less numerous than before and have been replaced by wi 


¥ 
x 


=: 


fined globules of the « phase. 


~ 


Note in Fig. 17 that the inner portion of the cobalt-rich 


still marked by a few darkened bands which might be describ 


Ragas RES 
= 





Y 

“spindle shaped.” There appears morever to be a well defin 

boundary separating the central banded portion from the surrouw ; 

ing areas in which have formed globules of «. From these : 

tures it may be assumed at least that the darkening seen in Fi 5 : 4 

results from precipitation of e« in the solid solution during COO A 

below 1350 degrees Cent. (2400 degrees Fahr.). The formation of é 

8 by the reaction y + « s B may contribute to the structural changes 

involved here, in which case the globules of « must result from d 

creased solubility of molybdenum in ~ at 1275 degrees Cent. (2325 t 

degrees Fahr.). i 
Primary crystals of « are shown in Fig. 18 in a matrix of th A 

eutectic. Some otf the Y phase here has been darkened by precip! 

tation during cooling. This e phase appears from the microstruc : 

ture to extend over the composition range between 55 and 62 px 


cent molybdenum. It corresponds to the formula CoMo, the thi 

retical composition of which is 61.9 per cent molybdenum and may 
be formed quite completely from the mixed metal powders by long 
sintering at temperatures near 1500 degrees Cent. (2730 degrees 





Fahr.). The structure of this phase so formed is shown in Fig. 19 





[t is marked by the cracks and voids which are typical of intermetal 
lic phases formed in this manner. In the presence of other con 
stituents the « phase may be identified by etching in a boiling sodiun 
picrate solution whereby it is rapidly attacked and appears as show! 
in Fig. 20. 

When heated above 1550 degrees Cent. (2820 degrees Fah 
« decomposes into cobalt-rich liquid and the solid » phase. The « 
position of » appears to lie at about 71 per cent molybdenum w! 
approximates the theoretical Co,Mo, of which the molybdenum « 
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tent 1s 70.9 per cent by weight. This phase appears as a core « 
mary solid in alloys containing molybdenum slightly in excess 
per cent which have been rapidly frozen after complete fusion 


a structure is seen in Fig. 21 and while no precise limits could | 





termined trom the microstructures this phase appears to extend 
a very narrow range of composition. The phase is stable bet 
1620 + 10 and 1250 + 20 degrees Cent. (2950-2280 degrees Fal 
\t the higher temperature it decomposes upon heating into th 
balt-rich liquid and the molybdenum-rich solid 6. When cooled | j 
low 1250 degrees Cent. (2280 degrees Fahr.) 7 decomposes into ¢ an ? 


5. The latter reaction takes place rather slowly and for complet 


es 


requires several hours heating at 1200 degrees Cent. (2190 di 


ahr.) The etch-darkened areas resulting from this decompositi F 
are shown in Fig. 22. Note that these darkened rings represent t 
location of » formed during freezing by the reaction at 1620 degre § 
Cent. (2950 degrees Fahr.) between the primary 6 solid and the ‘ 


rounding cobalt-rich liquid. The cores of 6 within the darkened ar 
are easily identified, while on the outside the rings are bordered by 
cobalt-rich constituent approaching ¢ in composition. 


Molybdenum dissolves some 3 per cent of cobalt at 1600 cd 


eae Rees 


erees Cent. (2910 degrees Fahr.). Alloys containing 5 per cent cobalt 


which have been sintered at 1550 to 1000 degrees Cent. (2910 de 


erees Fahr.) for 100 hours show a slight amount of excess cobalt 
the form of » islands. Upon heating such an alloy above 1620 « i 
erees Cent. (2950 degrees Fahr.) and cooling rapidly the liquid net 
work is preserved as seen in Fig. 23. Slow cooling through this p 
tectic range allows the re-formation of ». 


This is shown in Fig. 24 along with globules of » which hav 


precipitated from the 8 solid solution during cooling to 1325 degrees 
Cent. (2415 degrees Fahr.). In such an alloy after further cooling 
to a temperature below 1250 degrees Cent. (2280 degrees Fahr.) th 
areas are seen to have decomposed and darken upon etching as 


he noted in Fig. 25. 


lire INTERMEDIATE PHASES IN THE CoBALT-Ricu REGION 


In alloys containing more than 24 per cent molybdenum 
marked change occurs in the appearance of the solid solution upot 
cooling below 1200 degrees Cent. (2190 degrees Fahr.). The cob 

) 


rich phase 8, always heavily marked by twinning bands (Tig. 20) 


sS 


replaced by a phase which is highly resistant to both the phosphor 
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acid and the aqua regia etchant. It is characterized by larg: ae , 
crossed here and there by cracks of appreciable width as may t rT 
in Kig. 27. This phase, ©, appears to have a composition. = has 
25 per cent molybdenum but precise determination is hamper * a 
apparent difficulty in attaining equilibrium in the solid solut 3 a 
temperatures between 1200 and 1350 degrees Cent. (2190-24 # \\ 
grees Fahr.). This phase first appears in the 23 per cent F \ 
denum alloy which after long heating above 1300 degrees ¥ 07 
(2370 degrees Kahr.) is very slowly cooled to about 1150 d ; ive 
Cent. (2100 degrees Kahr.) and held at this temperature fo é @ 
hours. It is seen as the light areas in Fig. 28 in which the : “4 
rich matrix has been severely attacked by the aqua regia et ' 


rapidly replaced by © in the range of temperature between 105 


With increasing molybdenum the cobalt-rich solid solutios 1S | ¢ 
¥ 





1200 degrees Cent. (1920-2190 degrees Fahr.). This phass ms % AT. 

to separate from 8 in the form of plates (Fig. 29). As the moly] ; 

denum content nears 25 per cent the remaining £ is seen in the nar A\\ 

row banded seams shown in Fig. 30. : \" 
When cooled below 1050 + 10 degrees Cent. (1920 degrees ; \ 

ahr.) © appears to undergo a decomposition which results | 

darkly etched structure shown in Figs. 31 and 32. Excess £ is see b 

in the former and excess e in the latter of these photomicrog1 P = 

as the lighter constituent. When only a small amount of © is pres € 

ent above 1050 degrees Cent. (1920 degrees Fahr.) as in the 23 pe K = 

cent molybdenum alloy of Fig. 28, the decomposition which attends ; 

cooling below 1050 degrees Cent. (1920 degrees Fahr.) results & | #3 

structure illustrated in Fig. 33. Here the larger pre-existing plat ’ is 

of © have darkened completely while some precipitation has . \Z 

curred in the 8 solid solution as evidenced by network of darkene . 

bands. Note that this alloy had been cooled from 1140 to L000 di 

erees Cent. (2085-1830 degrees Fahr.) in 10 minutes and th ¥ 


quenched from the latter temperature. This specimen was etch 
with the relatively mild phosphoric acid reagent while that show: 


lig. 28 was deeply etched with aqua regia which attacks the 8 phas 


rapidly. 

The true nature of the reaction by which © decomposes 1: 
scured by a second reaction which seems to occur at a temperatur 
very slightly below that of the first. It has not been found pos 
to isolate the two reactions because of the difficulty in maintat 


the temperature constant within + 15 degrees Cent. throughout h 
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ing periods of 100 or 200 hours. The diagram is drawn t 
sent © decomposing into 8 and e though the evidence might ¢ 
well support the form inserted in the lower corner of Fig. 7 
granular nature of the structure resulting from the decomp: 
is shown in Fig. 34. This specimen was cooled from 1100 


to 103 
degrees Cent. (2010-1885 degrees Fahr.) in 10 minutes, held r 
latter temperature for 30 minutes and quenched. One constitu 

this duplex structure appears to be continuous with the residua 
seams of the cobalt-rich B phase. After prolonged heating at 100 


15 degrees Cent. a new phase (K) is observed which obvious) 
results from a reaction between £8 and e and the compositior i 
which is estimated to lie near 32 per cent molybdenum. The progress 
of this reaction is shown in Figs. 35, 36 and 37 which are the stru 
tures observed in a eutectic alloy previously heated at 1025 degrees 
Cent. to decompose 90. In Fig. 35 the lighter areas represent « sur- 
rounded by the products of the O decomposition. After further 
heating at 1000 degrees Cent. the second reaction has resulted in a 
localized formation of a second light etching phase surrounding the 
original eutectic « (Fig. 36). Further heating for 200 hours at 975 
to 1000 degrees Cent. has almost completely eliminated the dark 
ened areas which were originally © while the e phase has noticeably 
decreased in quantity. The structure now 1s almost completely com 
posed of « and K as shown in Fig. 37. 

The precipitation hardening which occurs during aging at 7/00 
degrees Cent. results in structures illustrated in Figs. 38, 39 and 40 
This alloy of 20 per cent molybdenum had been hot rolled, homo 
venized at 1300 degrees Cent. for 50 hours and quenched. — Th 
Kockwell hardness after this treatment measured C 23. After aging 
for 5 hours at 700 degrees Cent. (1290 degrees Fahr.) the hardness 
had increased to C 27 and the structure showed evidence of precip! 
tation (Fig. 38). After 15 hours at 700 degrees Cent. (1290 de- 
grees Fahr.) the hardness measured C 35 while the areas darkened 
presumably by precipitated K had grown outward from the grain 
boundaries as shown in Figs. 39 and 40. The darkened lines 
throughout the solid solution presumably mark the earlier stages 0! 
precipitation. 


HARDNESS CHARACTERISTICS 


As shown in Fig. 41 the hardness of the cobalt-rich solid so 
lutions increases with the concentration of molybdenum up to about 
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Per Cent Molybdenum x 200 Heated fo 
50 Degrees Cent. Cooled from 1150 to 1000 Degrees Cent 
from 1000 Degrees Cent Etched in HoOo + HsgPO, 
Cobalt + 23 Per Cent Molybdenum. x 200. After Rolli 
5, 1225 and 1150 Degrees Cent. and Cooled from 1150 
) Minutes. Quenched from 1000 Degrees Cent. Etched in H,O 
34—Cobalt + 24.5 Per Cent Molybdenum. ~< 500. Heated 50 Hours : 
1100 Degrees Cent. Cooled from 1100 to 1025 Degrees Cent. 1 
for 30 Minutes and Quenched. Etched in HeOs + HsPO, 
35—Cobalt 36.5 Per Cent Molybdenum ~< 1000 Heated 
Degrees Cent. and Cooled to 1025 Degrees Cent. in 3 Hour 
Degrees Cent. Etched in Aqua Regia. 
Fig. 36—Cobalt + 36.5 Per Cent Molybdenum ~ 1000 Heated 
l Degrees Cent. Cooled from 1100 to 1000 Degrees Cent. in 


PEE Mi PEARS + 


Degrees Cent. for 2 Hours and Quenched. Etched in Aqua Regia 
Fig. 37—Cobalt + 36.5 Per Cent Molybdenum x 1000. In Add 

nt Described Under Fig. 36, this Specimen was Heated at 975 Degrees 
Hours and Quenched Etched in Aqua Regia 
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Fig. 38—Cobalt + 20 Per Cent Molybdenum x 200 After Rolling H 
Degrees Cent. for 50 Hours, Quenched and Aged 5 Hours at 700 Degrees | 
Hardness Increased from C 23 to C 27 During Aging Etched in H.O. + H.-P 
Fig 39-—Cobalt + 20 Per Cent Molybdenum : 00 Aged 15 Hours 
Degrees Cent Hardness After 15 Hours Aging, C 35. 
Fig. 40-—Same as Fig. 39 500 
20 per cent of the latter component. These data were obtained 


alloys formed from the mixed powders sintered for several 
at 1300 to 1325 degrees Cent. (2370-2415 degrees Fahi 
quenched. 

The hardness increase might be expected to continue up to 
Cent. (2460 degrees Fahr.). Other factors are here involved, | 


ever, which tend to lower the apparent hardness in this rang 


due porosity and segregation even after prolonged sintering 
range between 20 and 40 per cent molybdenum. This difficulty 
been encountered in attempting to alloy other metal powders 
sintering process. 

) 


Cast alloys of 25 to 30 per cent molybdenum content te! 


freeze with segregation of the eutectic constituent, and even alt 


nonuniform. 
\s the molybdenum content approaches 40 per cent the k 





25 per cent molybdenum, the limit of solid solubility at 1350 deg: 


composition. It appears impossible to obtain an alloy free from w 


long homogenizing treatment the hardness of such a compositio! 


well hardness of the sintered alloy attains a maximum of C 59 o1 
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63 in the 6 per cent cobalt composit 


nal diagram indicates, this composition lie; 


the molybdenum-rich solid solution 


purpose of hardness determinations 


it was found necessary 


ics and gas pockets, this being followed by 


degrees Fahr.). 


such treatment the 


OO degrees Cent. was found to be 


55 as cast 


ble quantity of the intermetallic phase » 


to remelt in 


reatment of 25 to 50 hours at 1300 to 1325 degree 


hardness of the 


that of the sintered alloys of like composition. 
bhably due to the much smaller grain size of the 
presence of the eutectic with its accompanying 


marked increase in the hardness of the cast alloys 


\GE HARDENING 


‘he cobalt-rich allovs as quenched from above 


Stel 


7 1 
considerably 


le wer by 


4 


55 to 75 per cent molybdenum are capable of scratchin: 


tains 


observa 
working characteristics, alloys in the cobalt-rich solid solution 
were melted and allowed to solidity slowly in the furnace 
order to eliminate 


an homogeniz 


as quenched 
several points 
his difference 
sintered alloys 
e phase results 
and the 


te eutectic composition (36.5 per cent molybdenum) has a hard 


1 A ) degre eS 


(2190 degrees Fahr.) begin to harden slowly when aged at 
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500 degrees Cent. (930 degrees Fahr.) but attain their m 


hardness only 


degrees Cent. 


shown in Fig. 42 and at 700 degrees Cent. (1290 degrees 
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Fig. 42—-Age 


HARDNESS- ROCKWELL C” 


the maximum hardness has been passed at the end of 5 hours 
(Fig. 43). 


The relation between hardness, aging time and temperature 0! 


alloys of 10 and 15 per cent molybdenum. 


aging is shown for the sintered alloy of 15 per cent molybdenum 
Fig. 44. An optimum aging temperature of 600 degrees Cent 
(1110 degrees Fahr.) is indicated from these curves since after 2: 


hours at this temperature 


mum developed by aging 
for 100 hours. 


The molybdenum-rich alloys containing up to 10 per cent cob 
attain their highest hardness after aging 
Cent. (1290 degrees Fahr.). 
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after some 500 hours at this temperature. 


(1020 degrees Fahr.) the increase is more ra 


co + 5% mo 
Co + 10% mo 


, Co+i5% Mo 


Co + 20% Mo 


100 150 


HOURS AT 550°C 





Degrees Cent 


Cot 5% Mo 
O co+i0% mo 
Co+15% Mo 


50 75 


HOURS AT 700°C 





Degrees Cent 


the hardness is nearly equal to the maxi 
at 550 degrees Cent. (1020 degrees F: 





af RO ieee, 


epee a? te nite 


25 hours at 






















MOLYBDENUM SYSTEM 23 


’ . = »? 
Cast allovs containing up to 23 per cent molybdenum may _ hi 


4- ed and swaged at 1100 to 1200 degrees Cent. (2010-2190 de- 


i 


COBALT + 15 PER CENT MOLYBDENUM 


g 


y 
9° 


AGED 5 HRS 


25 HRS 
100 HRS 


> 
°o 


Vv 
ad 
- 
Ww 
= 
x 
oO 
Oo 
« 
”) 
”) 
Ww 
z 
ao 
x 
a 
= 





500 550 600 700 800 
AGEING TEMPERATURE 
I ig +4 Hardness Versus lime 


ind Temperature of Aging 







“ 





¥ 

. 

oll 

uJ 

= 

x 

0 

° 

© 

14 

4 COBALT +15% MOLYBDENUM 
ia) © AS ROLLED 75% REDUCTION 
ze AT 1000 -1200°C 

X 2 X AS ROLLED AND ANNEALED 
t AT 1100°C~- 15 HRS 


QUENCHED FROM 1/00°C 


HOURS 25 50 75 100 t25 
| INITIAL AGEING 600°C 
Fig. 45—Age Hardening in Alloys as At 


; a 
nealed and as Hot-worked. 









s 
+++ —- +--+ 
5 25 50 75 100 125 
SUBSEQUENT AGEING 70 
















O Co + 30% w BY wT 
12% W BY ATOM 


xX Co + 20% Mo BY wT 
133% Mo BY ATOM 


SINTERED ALLOYS 
QUENCHED FROM 
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es i rees Fahr.). Considerable hardening results from this operation 


as shown in Fig. 45 the alloy as-worked hardens more rapidly 
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by aging at 600 degrees Cent. (1110 degrees Fahr.) than on 
has received an annealing or solution treatment follow; 
working. 


The 15 per cent molybdenum alloys represented in Fig 


first aged to near maximum hardness at 600 degrees Cent 
degrees Fahr.), one as hot-rolled and the other as-rolled 
nealed at 1100 degrees Cent. (2010 degrees Fahr.). Th 
subsequently aged at 700 degrees Cent. (1290 degrees Fah: 
is of interest to note that the hardness of the alloy as rolled 
to decrease after 5 hours at 700 degrees Cent. (1290 degrees 
while that of the annealed alloy is still increasing, though aft 
hours they are of very nearly the same hardness. 

\ comparison of the cobalt-molybdenum alloys with tl 
the cobalt-tungsten system indicates that the hardening devel 
aging in the latter is the more permanent at elevated tempera 
In Fig. 46 are shown the hardening curves of two such alloys 
at 7OO degrees Cent. (1290 degrees Fahr.). It will be not 
these alloys of nearly identical atomic concentrations, develop 
the same maximum hardness. The molybdenum alloy, hoy 
hardens more rapidly and has begun to soften long before th 


sten alloy has attained its full hardness. 


X-Ray Data 


lhe diffraction patterns derived from cobalt metal have been previous 
described (4), but a brief review of the factors involved may be included p: 
itably at this point. Cobalt metal reduced from the oxide at temperatures betwe 
about 450 and 1050 degrees Cent. (890-1920 degrees Fahr.) shows the 
of the face-centered lattice only. Reduction at temperatures below 450 deg: 
Cent. results in the close packed hexagonal form. There is no evidence t 
dicate that cobalt so produced can be completely converted into the fac« ; 
tered cubic form by subsequent heating for a reasonable period of time in t! 2 
range from 450 to 1050 degrees Cent. (840-1920 degrees Fahr.). The i 
centered cubic form however when subsequently heated above 1050 deg 
Cent. (1920 degrees Fahr.) and rapidly cooled shows the combined hexagot 
and face-centered cubic patterns. Moreover, the face-centered cubic may 
readily converted to the hexagonal form by deformation at room temperatut 
This evidence suggests that above 1050 degrees Cent. cobalt reverts to tl 
hexagonal form. It is possible, however, that the slight deformation involve x 
in the preparation of the specimen for exposure after the high temperature t: 
ment might account for the appearance of the hexagonal lines in the metal 
treated. The question, it appears, can be decided only by a diffraction patter! 
obtained from the metal while at temperature. The foregoing remarks 
meant to serve as a background for subsequent description of the diffracti 
patterns obtained from alloys consisting wholly or in part of the cobalt-1 
solid soluton, designated as § in the constitutional diagram. 

It has been observed that the briquetting operation itself involves sufh 
deformation to convert the face-centered cubic into the hexagonal form 
fact introduces a disturbing factor when an alloy is to be prepared by 


SNe 


Mata apy 





lI] 


was encountered in the cobalt-tungsten alloys, although by prolonged 





VJ ¢ )] } B )} \ ] lf , \ S / | ‘ 


thod for subsequent X-ray analysis \ solid solution which whet 
by freezing from the melt might be found to exist at 1325 degrees 
he face-centered cubic form. On the other hand an allov of the sam 
roduced by sintering briquetted powders might conceivably be 

face-centered cubic form with much difficulty owing to the 
ce of the hexagonal lattice of cobalt and the slow attainment of struc 
tilibrium even at a temperature just under the solidus. Such a con 


saturated solid solutions of tungsten in cobalt were obtained which 
mly the face-centered cubic pattern. 
he formation of any binary alloy by the sintering process the attain 


final state ot equilibrium may he considered to result trom a 
ve change in the composition ot each of the two original components 


mple, consider a powder mixture of 80 per cent cobalt and 20 per cent 
1um heated at 1300 degrees Cent. (2370 degrees Fahr.). Complet 
of the molybdenum by diffusion into the solid cobalt will assuredly 


onsiderable time. The concentration of molybdenum in cobalt must 
eradually so that at any moment before equilibrium is established 


ill exist in the mixture at least two constituents, 1.e., (1) cobalt containing 


20 per cent molybdenum, and (2) a molybdenum-rich constituent. It 
ists in the hexagonal form at 1300 degrees Cent. and in this form is 


dissolving several per cent of molybdenum is it not thinkable that 
become supersaturated in molybdenum in the sense that the hexagonal 


uld persist in the field of composition normally occupied by the face 
cubic arrangement? This suggestion is made in view of the behavior 
cobalt previously described. The normal form of such concentrated 


should in this case be determined from alloys formed by melting and 
| atter a long homogenizing treatment at a temperature just below 


ie following description of photograms prepared for precision 


surements was contributed by Dr. Kent R. Van Horn who kindly 


en? 
Ait 
( )¢ 
T | 
t*¢ 


' i 
cr 


{ 


1 
| 
i 


ed to lend his aid in this part of the investigation 
iffraction patterns were prepared by the Wedge reflection 
of small blocks which had been pressed and sintered at the 


temperatures and subsequently received extended heat treat 


at various temperatures. A few photograms were also ob 


by this method of melts but this practice could not be gen 
mployed because of the large grain size of the solidified 
Che inaccuracies due to specimen size and variation in pene 


are avoided by the Wedge reflection procedure which also 


its the further advantage of examining block samples 


a 


he reflection photograms were produced on a General Electra 


ipparatus equipped with a molybdenum target tube operating 


30,000 volts and 20 milliamperes. The exposure periods with 


tman diaphax films were from 48 to 72 hours. In measuring the 


viol 


| of the reflections, corrections were made for any dimensional 


nges in the film by reference to a sodium chloride pattern which 


rec 


+ 


Ll 


hn 


‘orded on each photogram. The various lines were rated as 


isity, five degrees of intensity being recognized. The X-ray 
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Table Ill 


interplanar Spacings and Line Intensities from Typical Photograms 
Obtained by Wedge Method 


Neuberger 


‘“) 


Specimen No. 1 Specimen No. 2 Specimen No. 3 S pe 
Phase y (formed y (formed by 0 
hy sintering melting) 
\ Int \ Int A Int A 
V.W V.W. 
s V.W. 8 V.W. — 
] M 190 M 
04 S 042 0 NI 
35 V.S Veoh 1.94] V.S 
M 0 M 1.501 M 
$34 V.W V.W. 1.278 M ; 
M 1.276 M 1.162 \l 1.934 
66 M 1.1 M 1.084 M & 
1.066 M 1.808 
\\ ee 
3 ¢ 
l 4 
HISTORY OF SPECIMENS 
Ni Cobalt +4 ’ per cent Molybdenum. Alloy prepared by meltin; \ 
ng held 100 hours at 1330 + 10 degrees Cent. and quenched 
N« Cobalt -+ 28 per cent Molybdenum Alloy prepared by sinte 
mixture at 1330 + 10 degrees Cent. for 75 hours. Quenched. 
No Cobalt + 27 per cent Molybdenum. Alloy prepared by melting \f 
held 100 hours at 1330 + 10 degrees Cent.; 70 hours at 1230 + 10 de 
hours at 1100 + 10 degrees Cent Quenched from 1100 degrees Cent 
No. 4. Cobalt + 62 per cent Molybdenum Alloy prepared from briq 
tf powdered metals sintered 25 hours at 1350 and 25 hours at 1425 degrees Cent 


analysis of the various cobalt-molybdenum alloys revealed th« 
lowing phases, the interplanar spacings of which are incorporat 
Table ITI. 

a: 


Pure cobalt which occurs in three allotropic modificat 


The hexagonal cobalt solid solution, y, occurring at eleva 


TO 


are 


face-centered cubic form, and the high temperature hexagonal col 
The parameter measurements have been reported for the first 


modifications by Hull (8) and Neuberger (9) 


Low Temperature Hexagon 


\ C 4.105 A, ao 2.514, 
\ Cc, 4.072 A, ao 2.507, 
a 


the low temperature hexagonal cobalt. The 


proportionately 





displaced toward the smalier diffract 


TiN 


al 


temperatures from 0 to 20 per cent molybdenum gives a pattern ve! 


the room temperature hexagonal type, the intermediate temperatur 


c'4 







































lV 
interplanar Spacings Computed from Reflections Obtained with tron and with 
Copper Radiation 


Table 


( se Pacl | ( ter ( 


with an increasing molybednum content, indicating an aq 
e lattice expansion. The maximum value of a, is 2.554 A 
7 per cent expansion and 4.101 A or .31 per cent extension 
However, the two lines occurring at about 1.48-1.49 A and 
lo A have much greater intensities, reflecting very weak in 
m temperature hexagonal cobalt films and medium in_ the 
rams of this solid solution. 
gS The face-centered cubic cobalt solid solution extending 
intermediate temperatures in cobalt up to 1300 degrees Cent 


Q/() gl + 


7/0 degrees Fahr.) at a molybdenum concentration of about 2 
cent. The 6 phase was observed in 10 to 28 per cent molyb 
alloys and is recognized by the face-centered cubic reflections 
register an unusually large expansion of the elementary cell 
to the introduction of molybdenum. The greatest observed lat 

nlargement was revealed in a 28 per cent molybdenum sample, 
nely, 3.600 A for the cube edge or 1.4 per cent expansion. The B 


hase was found in specimens containing iO, 15 and 20 per cent 


vbdenum together with the hexagonal solid solution y, after treat 
€ nt at 1300 degrees Cent. 
j ‘4. The hexagonal phase, ©, occurring in hypoeutectic alloys 
: ntaining 20, 27, 28 and 30 per cent molybdenum, and in_ the 


itectic mixture of higher molybdenum concentrations in combination 


the compound CoMo., ¥ The patteris ot ~~ resemble TOO) 





perature hexagonal cobalt and the solid solution y as the ma 
ty of the hexagonal reflections occur with the correct intensitt 
there 1s a uniform displacement of the lines toward the small 


the Hull and Neuberger values were used in computing these ¢ 
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diffraction angles, 1.e. showing lattice expansion. However, 
reflections at 1.48-1.49 A and 1.15-1.16 A are much more int 
films of © than in photograms of hexagonal cobalt and aré 
to the corresponding lines in films y. In addition, the refle 
about 1.04-1.05 A is more intense (weak to medium) in 
this constituent than in patterns of the other hexagonal 
here were a few additional, less distinguishable variations 

y and © such as the occurrence or disappearance of very weal 
but the most striking difference in © is found in strong ret 
trom the basal planes occurring at 2.03 A, in cobalt. 
hexagonal reflections of alloys from 10 to 30 per cent moly! 
are gradually displaced toward the small angles from 0.15 to | 
with the exception of this line (2.03 A) which is not proporti: 
shifted with the increasing molybdenum (0 to 0.015 A). It 
sible with the unaided eye to distinguish between y and © 
position of this reflection in respect to the adjacent lines. 

‘5. The intermediate phase, e, occurring at 62 per cent 
denum and observed as the primary phase in hypereutecti 
from 36 to 62 per cent molybdenum. This phase has beet 
with either © or 8 in samples containing about 28 per cent n 
denum. The most distinguishable lines are 2.34A strong, 2 
medium, 2.10 A medium, 2.06 A strong, 2.007 A medium, et 


occurring 1n extremely favorable positions for FO 1 reflection th 
making it possible to easily detect a small quantity of « when pr 

“o. A phase, K, occurring at lower temperatures and 
molybdenum content from 2 per cent up to the composition of 
intermediate phase «. The constituent, K, was detected in a 15 


cent molybdenum sample after final treatment of 150 hours betw 


800 and 700 degrees Cent. (1470-1290 degrees Fahr.) together wit! 


the face-centered solution 8. In higher molybdenum alloys it occu 


with « and is recognized by reflections at 2.13 A weak mediun 


1.89 A medium, 1.14 A weak, etc. 

“7. The molybdenum-rich intermediate phase » having 
distinctive pattern and occurring at 71 per cent molybdenum 
with 8 in alloys containing from 72 to 95 per cent molybdenum, a 
treating above 1250 degrees Cent. (2280 degrees Fahr.). 


“8. The molybdenum-rich solid solution 8. The body-cente! 


molybdenum lattice is contracted about 1 per cent when saturate 


with about 3 per cent cobalt at 1600 degrees Cent. (2910 degr 


Fahr.).” 
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\dditional data were supplied by Dr. C. S. Barrett and Mr. |] 


"7 1 
| 


\ andless from an alloy of cobalt 2, per cent molybdenum le 
as alloy No. 5 under Table IV. 

hey report in part as follows: ““ITwo surfaces at 90 wer 
on the specimen and a series of Debye photograms taken of 

gas X-ray 


Reflections obtained with molybdenum radiation were not 


lve, using iron, copper and molybdenum targets in a 


rently distinct to be usable. Reflections from iron and coppe 


itions are listed in Table IV. 
‘The experimental values for interplanar distances are compared 
he table with values for cobalt computed by Hull (8) Che com 


ison shows that two cobalt-rich phases are present in about equal 


1 


uunts with considerably more but smaller grains in the hexagonal 


~ 


than in the face-centered cubic. Assuming the correctness ot 


I's ay values, the lattices of both phases are slightly expanded. In 

hexagonal phase the a- and ¢- expansions are unequal, as shown by 

low values for the spacing of planes with high c- indices, notably 
W).2), (10.3) and (00.4).” 


Disc USSION 


should be noted that specimen No. 5 in Table IV had been 
d tor some time between 1200 and 1300 degrees Cent. (2190 
3/0 degrees Fahr.) (the B field) betore the final treatment at 1330 
egrees Cent. (2425 degrees Fahr). This fact may well account 


the presence of both forms of the cobalt-rich solid solution sine« 


| the reaction shown at 1310 degrees Cent. (2390 degrees Fahr.) 
: + € <2 B) appears to be a sluggish one 

: [he occurrence of the hexagonal y form alone in specimens 
x ‘o. 1 and 2 indicates moreover that in these alloys structural 


ulibrium may be attained by sintering as well as by freezing 
m the melt. From this evidence the diagram has been drawn to 
8 forming by a peritectoid reaction at about 1310 degrees 


ent. (2390 degrees Fahr.) rather than by a peritectic reaction at a 


ae RRR ie SO ea 


igher temperature as the microstructures might indicate. Thi 
icrostructures suggest that the reaction B + ¢« ss © proceeds very 


pidly in alloys which are cooled directly from above 1310 degrees 


ees 


nt. (2390 degrees Fahr.) into the temperature range between 1200 
| 1050 degrees Cent. (2190-1920 degrees Fahr.). This observa- 
n may have a real significance in view of the X-ray evidence which 


licates that the © phase and the y phase are barely distinguishable 
























































TIONS OF THE A. S. M 





lt has been observed that alloys which after heating at % 
1100 degrees Cent. (2010 degrees Fahr.) showed only the hes = 


© phase, can be converted into the face-centered cubic B by 

ing in the range of temperature between 1200 and 1300 « 
Cent. (2190-2370 degrees Fahr.). Furthermore the decomp: 
of © below 1050 degrees Cent. (1920 degrees Fahr.) resu 
the formation ot 8 as indicated by the X-ray photograms 
tracted heating below 1050 degrees Cent. (1920 degrees al 
necessary to develop the 8 pattern, and tt is most obvious i1 
containing less than 25 per cent molybdenum. ‘The lattice para 
of B as shown in the 15 per cent molybdenum alloy after long 
ing at 700 to 800 degrees Cent. (1290-1470 degrees Fahr.), 
tioned above by Van Horn) is distinctly smaller than that obse1 
in the same phase formed at 1250 degrees Cent. (2280 degrees 


1 


lahr.). This is in accord with the diagram as drawn to shoy 
marked decrease in the solid solubility of molybdenum in cobalt 
the low temperature range. 

No evidence was found either in the microstructures ot 


X-ray photograms to indicate the formation of the hexagor 


cobalt-rich phase a by a reaction at 950 degrees Cent. (1740 
grees Fahr.) as shown by Koster and Tonn. The hexagonal phas 
mentioned by Takei as being formed at 1050 degrees Cent 19 


degrees Fahr.) may be either © or K but can scarcely be identified 
as the a phase. Further work is necessary in order to reveal co 
pletely the nature of the K phase. This should involve compositiot 
of 20 to 40 per cent molybdenum finally treated for long periods 


temperatures below 1000 degrees Cent. (1830 degrees Fahr. ) 
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any alternative as so 


interpretations present themselves, 


a / 


the favors the “alternate form” 


; writer, tor present, inv 
= ld. Unless the evidence is definitely to the contrary, the exist 
iB se over a temperature range, with origin and end in two 

i helds of the same two phases (neither of which is that of 
Ba 


In question) is not in complete agreement with the present 
Ihe 


exces edingly 


with the atomic lattice typically 
cobalt 


temperature 


eat energy relations 
ns of most 
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within narrow ranges 


Of the two possible forms of the 9 field indicated in 
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DISCUSSION 
Written Discussion: By R. H. Harrington, Research Laboratories, G 
| Electric Co., Schenectady, N. Y. 
One cannot refrain from commenting upon the niform excellence ot a 
ulibrium diagram work emanating from this source Once again thes 
rs make use of many tools in their research, including thermal analys! 
: metric data, X-ray evidence, microstructure, age-hardening © stud 
3 tivity measurements, et Naturally the results are such as to just 
i ete faith in them 
Bi if a i€ 
& he writer must comment favorably upon the open minds ot these author 
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this diagran 
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Written Discussion: By Bruce A. Rogers, metallurgical eng 
North Central Ave . Chevy ¢ hase, Maryland. 

lor a number of vears it has been a pleasure to observe the set 
m the constitutional diagrams and properties of the allovs contain 
sten or molybdenum and a metal from the iron group, which has 


sented by Mr Sykes and t 


Dawah 


ose who co-operate with him. The pres¢ 
bears evidence of the same accurate and thorough work which 
acterized previous publications. The authors are to be congratulat 
successful attack upon a surprisingly complex binary system ‘ 

One of the most interesting features of this paper is the manne 
X-ray data have been used to substantiate and supplement results obt 
microscopic and other methods. The X-ray spectograph appears 
adapted to investigating alloy systems of this type. 

The unexpected increase in resistance which occurs in the cobalt 
is interesting. Some years ago, while working on some cobalt-tungst 
containing also about 2.5 per cent of iron, the writer noticed a s 
similar phenomenon for certain temperatures of heat treatment. In 
presented by the cobalt-molybdenum alloys, there is the added peculiar 
the annealing treatments which begin at temperatures along the solubil 
appear to be the only ones which produce this effect. The theoretical dis 
given by Dr. Merica’ to explain an increased resistance in certain a: 
minum alloys does not appear to fit this case. If Mr. Sykes has an « 
tion to offer, I should be interested to hear it. 

here is another question which I should like to ask Mr. Sykes 
is to inquire why the alloy shown in Figs 15, 16 and 17, which has the tect 
composition should so slightly resemble an eutectic alloy and whether 


treatment will produce a more customary appearance ? 


Author’s Reply 


It is possible that the true nature of the 89 + K field in this syster 3 
never be determined directly from experimental data, and the authors w Es 
Dr. Harrington’s application of theory to the problem of selecting the 1 : 
probable form 

Dr. Rogers’ request for an explanation of the initial increase 1 
observed in the alloys upon cooling below the line A-A’ (in Fig. 6) 1s « 


pertinent lhe authors have no satistactory explanation. It appears 


oto sO 


that this phenomenon may, however, be akin to the increase observed 


the initial stages of aging at lower temperatures as reported by on t a 
authors in discussing Dr. Harrington’s paper. \t first glance it seems : 
possible that the noted increase should be observed at such relativel q 
temperatures. On the other hand, the effect in both cases may presut E 
result from the segregation of a new phase. The mechanism of format 
such segregates may be subject to variation depending upon the elements 


P. D. Merica, ““The Age-Hardening of Metals,” ransactions, Americat 
Mining and Metallurgical Engineers, Institute of Metals Division, Vol. 99 
R. H. Harrington, “‘The Present Status of Age Hardening,’’ TrRANsactions, At 


Society for Metals, Vol. NXII, June 1934, p. 505 
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Discussion—The Metastability of Cementite 


Continued from 


expenence reported by Dr. Zieglet 


I 






perhaps the most conclusive case which 





eraphitization ot cementite at ordinary 


] 


temperatures 





between 


re seems to be no difference ot opinion 





to the infallibility ot thermodynamics 


pplied to data which are sufhciently 






the next paragraph beyond that quoted by 





more of the data accepted by Yap must bi 





cause the attentive reader to recognize 


approach but Yap’s particular conc 






Chipman also seems to have missed the point of 


that point is that Yap’s claim to have 





unds that cementite should be metastabl 


tradicts the tacts 







riginal paper seems to have made sufficiently cle: 


pproach chosen by the author. ‘That 






literature 


lengthy review of all the experimental data 





portion which corroborates Yap’s viewpoint 


comyp tent 





ct Yap’s error from the data discussed 


Chipman had remained 





two years thus permitting the perpetuation 





corrected 


the author has, by direct and simple means, 


hermodynamists find no reason to 
the desired end seems to have been 
e writer has the utmost respect for 
rey He has every desire to further 
ence, not a criticism, to point out an 


ng but to an improper experimental 


+ 4+ 









orrectness 
attained 


thermod 






he fault of thermodynamics, that there 


isions require data so accurate as to impo 


ive reasoned from these grounds 




























PROPERTIES OF SOME CAST ALLOY STEELS 


By T. N. ARMSTRONG 
Abstrac l 


This paper gives a comparison of the mechanica 
properties of twenty-five alloy steels of low alloying con 
tent and one simple carbon steel, and a comparison of 
properties after nine different heat treatments. The steels 
studied were limited to those which give combination oj 
strength and high ductility required im ship castings 
Quenching in liquids was not included in the heat treat 
ments because of the twnpracticability of quenching thi 
intricate castings required in ships’ construction. 


I NTRODUCTION 


YOR a number of years all large hull castings for government 
constructed Naval vessels have been manufactured at the No: 


folk Navy Yard. Considerable success had been experienced 


cracked after being shaken out of the molds and before annealing 
hese cracks were attributed to brittleness in steel as poor moldit 
practice would have been reflected in types of defects not occurri 


in these particular castings. To prevent recurrence of this troubl 


class or classes of steel would have the best mechanical properti 
tor the type of castings manufactured. The ultimate purpose of th 
state and which would give an elongation of 25 per cent in tw 
inches and a yield point of 75,000 pounds per square inch after bein: 
double annealed, and at the same time would permit the heat-to-h« 
variation in analysis common to routine production melts. Thi 
paper gives the mechanical properties of a number of steels invest 
vated and a comparison of results obtained by different heat treat 
nents 
MELTING PRACTICE 
The heats were made in a basic-lined Moore ‘‘Lectromelt”’ ele: 


\ paper presented before the Sixteenth Annual Convention of the Societ 
held in New York City, October 1 to 5, 1934. The author, T. N. Armstrot 
Is assistant metallurgist at the Norfolk Navy Yard. Manuscript recen 
March 2, 1934 


using a 0.30 per cent carbon, 1.50 per cent nickel, and 0.60 per cent 


chromium steel for alloy steel castings until several large castings 


a number of low alloy steels were made and tested to determine what 


ed. AS eli RATNER 8 AA EPR 08 


work was to find a steel which would be fairly ductile in the cast 
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ls of broken tensile bars, were made 0.394 inch (10 millimeters ) 








CAST ALLOY STEELS 287 
turnace Of one half ton rated capacity lhe charge tor each 
1200 pounds, consisted principally of old ship plates and shapes, 
some heavy foundry returns. These heats were made undet 
slags with no ore additions except in several heats in which low 

on was specified. High recovery of chromium, silicon, and man 

ese shows that there was little oxidation even in the melt down 
oys, with the exception of titanium, were added in the furnace 
r the reducing slag. The pouring temperature range was ap 

ximately from 2750 degrees Fahr. (1510 degrees Cent.) to 2850 

rees Fahr. (1565 degrees Cent.). The melter estimated the tem 

ature by spoon test before tapping but the actual temperature was 
asured with a Leeds and Northrup optical pyrometer as the metal 


red over the spout ot the furnace. Steel from each heat was 


ured into two test blocks, each block weighing approximately 350 


nds. The main body of the block consisted of a slab 30 by 9 by 
nches with twelve coupons 9 by 1% by 2 inches cast on_ thi 


om. side. ‘Test blocks were made in dried sand molds and were 
red from a bottom-pour ladle. Coupons were removed from 
block with an acetylene torch, heat treated, and machined into 


specimens. 


Meretuop oF HEAT TREATING AND TESTING 


(he specimens were heat treated in an automatic temperatur 
rol electric furnace. Insofar as possible, bars from all heats 


e treated at the same time to eliminate variations in heating and 


riations in cooling in the annealing treatments. Specimens were 


at the temperature of treatment for two hours, cooled in the 


rnace for annealing, and air-cooled after normalizing and after 


pering. This procedure was used excepting in treatment k, 
erein the bars were tempered at 1300 degrees Fahr. (705 degrees 
nt.) for six hours and cooled in the furnace. Tensile tests wer 


ide in an Amsler hydraulic testing machine of 50,000 pounds 


pacity. Impact tests were made in an Amsler impact machine of 


toot-pounds capacity, equipped with an Izod head and anvil. 


pact bars, all of which were machined from the large (74 inch) 


} 


iare and notched on two adjacent sides. V-type notches were 
ugh machined with one cutter and finish machined with a second 


ter that was frequently ground and honed with a radius of 0.01 


on the points. Specimens for microscopic examination wert 

















































Table | 
Composition of Steels Tested 


Pet be Per Per ler Pet Per ( ent 
Heat Cent Cent Cent Cent Cent Cent Moly! Pe | 
amb Carbor Manganese Silic Nickel Vanadium Chromium denum ( = 
{ ’ f |% 
64 O.1¢ : 
) ,) u 
{ ra} { | | () IRE 0.160 0.469 rE 
0.330 0.86 14 0.459 0.181 Th 0.190 |e 
( ) + l Ue si |% 
0.096 { oa | * 
ee kcics 86a, canal 3 
0.284 0.2] | 
, 14 134 1 Oo j 
y } \* 
} 0 l ¢ 
a1 Oak 0316 : 
{ ) ( 1) 996 A 0.36 t 
1.16 16] | 
ly () ‘ 0.98] (1) 166 1.9 () Yb 
3 1.0/4 0.189 » 198 
4 1.439 0.189 1.116 
) ( 0) Of 1.22¥ 
( () 174 
() ( 1.46 171 | - 0.159 
0 0.94] 0.278 1.454 0.167 
; 1.0 0.24 1.694 0.114 
j j ) >] 1.8 } 0.129 
> 30) 1OR6 0) P36 >A10 ().129 330 
( ) 1.0 0.25] | / 0.101 0) 


taken trom the large ends of broken tensile bars Opposite the e1 
used for impact specimens. The results listed in the tables ar 
average values obtained from testing duplicate specimens but whi 
there was a large variation in results of these duplicate specimet 
third specimen was subjected to the same treatment and the aver: 


taken from the two giving most similar values. 


tin. Rh ama I Aelia IAT AN or Sana As 8 OLE ETE STILE 


The first eight heats, with the exception of heat No. 1, belon; 
classes ot alloy steels that were not thoroughly investigated beca: 
the first heats tested showed either lack of promise or becauss 
more complete investigation of the particular class was intended 
some other time. This group of eight steels consists of heats 
medium manganese, manganese-chromium-vanadium, titanium, mai 
ganese-silicon, and manganese-molybdenum. Four steels were mac 
in which copper was added in sufficient quantities to have a mark 
influence on the mechanical properties. The two classes of steels tl 
were most thoroughly investigated were nickel-manganese and nickel 
manganese-vanadium alloys. These two classes have one point % 
common with the other steels in that manganese is present in sufficient! 
quantity to be considered an alloy.' 


‘Albert Sauveur, “The Metallography and Heat Treatment of Iron and Steel 
( lition, 1926, | 35 
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Table Il 
Carbon Steel—Heat Number |! 


Pensile 
Per Cent Per Cent Yield Point Strength Izod 
Elor Reduction Pounds Per Pounds Pet loot 
itior f Area Square Inch Square Inch Pound reati 
4 41.600 81.400 () \ cast 
15.0 14.250 78,700 0 Annealed 1 ‘ ‘ kal 
15.( 43.400 77,000 Annealed 170 evrees Fal 
18. ( 16,750 7.250 Double wnt 6 
| kah 
} Tal 200 tk Double inneale 
I} 
0 { +( ( 6000 Don le il i 
leyre Fah 
()( OU Normalize ] legree 
Anneal | 
ahr 
j } mene OO j Normal 
Tem] ‘ 
Kahr 
1 40 + HOF a7 ¢ Double ’ mal ed 6S rn 
le ee Ler 
le ee Fah 
14 ( { I) } yal 
degre¢ Lemy 
degrees Faht 
' yf { Normalized trot lost 
vyree lempere | 
ures kahy 
‘() ( 16.4 W ater-quenched 1650 
rre¢ Dempere 1 ] 
pres leaht 
AO { Water quenche | 6 
gre Temper 
ree ahr 


\ SIMPLE CARBON STEEI 


. carbon steel was made particularly to show the maximum 


ngation that could be expected from any steel of similar carbor 


tent and also to use the results for a basis oft comparing the 
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alloy contamination. Even though the serap wa 
tully selected it was necessary to make several heats before a 


was obtained that was practically free from nickel and copper 


arbon content of 0.30 per cent was specified because that wa 


ipproximate carbon content desired in most of the alloy steels 


to treatment, results given in Table I] show that there is littl 
erence in the effect of different treatments, with the exception 


iquid quenching. Normalizing followed by either tempering or 


aling increases the yield point slightly above that obtained by 


innealing treatment, and normalizing and tempering also give 








lable ttl 
Medium Manganese Stecl—Heat Number 


len ile 
| ‘ t | ( rit Vield Pont strength Lrod 
i { | 1 I petit Prone Pes Pound Per boot 
t At juare Inel juare [neh Pound Preatment 

\ | ye) 10 ov 14.0 \ cast 

| rv) ( mS 4 () Ivo \nnealed 1650 

( | | ( car 94,050 \nnealed 1700 de 

I) b MO, O00 Doulbl innealed 
depres ahs 

| | 66,000 Oo () Double innealed 
depres l ahve 

| 0) 1,500 Ddovtabele annealed 
dexrees Faht 

(, o rine Normalized 1/00 
\onealed 
brah 

i] 6,400 4.0 Normalized 1650 
Pempered | 
babe 

! f " } MM SU Donde normal 
Pempered | 
ahs 

I ( ) 0 Double normalize 
degre Fem 
deg ree ahs 

highest impact) value examination at high magnification of 


tecl atter normalzing shows the structure to be almost entir 


pearlitn this would indicate that the spheroidizing treatm 
treatment IX, was not effective as spheroidization 1s) promoted 
first makine the steel sorbiti Chis particular heat was subject 


to liquid quenching more to show the etfect of that treatment on 


nucrostructure than to show the superior properties obtained 


usually, ship castings are of such shape and section that liquid quence! 


ing is out ot the question 


\Mieptum MANGANESE STEELS 


Lhe mechameal properties of two steels contaimmg more 


OO per cent manganese are given in Tables Ill and I\ ()| 
two steels the one containing approximately 2.00 per cent m 


ganese has better static properties and decidedly better impact p 


1 
Ti) 


erties, even though this steel contains six points more carbon 
the 2.25 per cent manganese steel. This would indicate that n 


than 2.00 per cent manganese in steels of this class is detrimet 


Albert Sauveur The Metallography and Heat Treatment of Iron and Stee 
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able IV 


Steel 
Lensile 
trenyeth 
rude be 
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lable \V 
Vanadium 
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Strength 
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lable VI 


litanium Steel—Meat Number § 


Lense 
i’ ( t ler Cent Vield Pournt Strength brod 
bleat l t Recuetiot Pout Pet Pounel Per boot 
rites if t Area quare [nel quare Tneh Pound Lreatment 
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\ O.000 ‘0 \ cast : 
It { An 000 11.0 Annealed LOSO de 4 
( 1.000 “ () Annealed 1700 dey r 
1) ' ( Cd ON 000 Double innealed | z 
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V\IANGANESE-C THLROMIUM-VANADIUM STEELS 
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e. 
Phe results given in Table Vo show the ratio of yield point | 7 
tensile strength to be rather low tor this steel in the annealed cor 
dition Double annealing improves the static properties very littl ; 
but does improve the resistance to impact Normalizing tollow: 
ll. S. Rawdon and | Stiller Kttect of Manganese on the Structure of Alloys 
| Carbon System Screntine Paper of Bureau of Standards No, 464, 1923 
" Ht. Lori inal ¢ I Williams, “Physical and Mechanical Properties of Some W 
Known Cast Steel Yympostum on Stee Castings 1Ys2, p. 106 American Fou 
\ ition and Amernecan Society tor Testing Materials 
W. CC. Tlamiltor \ddition of Vanadium Improves Properties of Medium Manga 
teel,”” J tye, Vol. 129, 1932, p. 546 
Kred Grott Representative Properties of Cast Medium Pearlitic Steels,"’ Symp 
Castings, IYS2, p. 169 The American Foundrymen'’s Association and The Am: 
crety tor Testing Materials 





s 
‘ 
4 
; 


= taal im 


Steno RIMES ig > ait sao AEE 


paar, 











lable VI 


Manyanese-Sillcon Steel 


Pens 

1’« ( ent Vield Pount tren 
Reductiot Pounds Pes Pound 

t Area : mire | { quare I 

( i) ; i) 

8] ) ) a] 

) ) i) 

} i? 

} ( in VO 000 

' ou ou 

i) ‘) 

( ‘) Lu 

o a] 

( a i 


lable VI 
Manyanese-Sillcon Steel 


lens 

Per Cent ield Pount ytreny 
Reduction Pounds Pet Powune 

ot Area qjubare Ineh qpuare I 

14.0 ) %) () 

ig POooo 900 

6b i) OOo "OO 

Odo | () | i) 

i) () ) POO 

} ou) SO) 

a POuO 9 *SO0) 

8] ‘) 9 SOO 

ovo og 1100 

» 1) ‘) oo Loo 


le 
th 
Per 


il 
Heat 


le 
rth 
Pet 


tM h 





Number 6 


i tment 
\ iat 
Annealed Lo50O) cle bal 
Annealed 1700 d ‘ bal 
Doub mnealed 1650-1 


dlep rec bali 


Ldovrabole mnealed los 
dlep res aha 
Ddcvtabole innmealed wu] 
ley ree beads 
vormalized ry Ut degree 
baby Vnnealed | 1é 
ree I hit 
rmalized hos0 depres 
beaalit fempered L200) «ke 


ree bali 


Double normalized 1650 1650 
deprec aly Pempered 
L200) depres becalie 

Double normalized 1700-1 
depres bribe 


LJO0 depres bal 


Pempered 


Number 7 


od 





\Nnnenled L650 depres beaalas 
Annealed L700 depres besabay 


Double bite tiled l¢ O to50 
depree bali 

Double innenaled 1650-1 
depres I als 

Double innealed 17001500 
degree bali 

Normalized 1o50 depres 
bah Annealed 152 cle 
pres babs 

Normalized 1650 depres 
baal Tempered 1200) de 
yrees baht 

Double normalized 1650-1650 
lewres k ah Pempered 
1200 degree als 

Double normalized 1700.1 
dlewree lahe Demy if | 
1i00 dewresc | ali 








































“4 ( ( ()]} if / | \/ 
lable IX 
Manyanese-Silicon Steel—Neat Number & 
Densile 
hs C's t 1". (ent Vield Point trenptl | al 
Pleat | ! KRecduetiot Pounds Pet Pounds Pet boot 
” ation f Are mare Inch quare [neh Pound lreatment 
\ wo) 1) ouo \ cust 
it 4 O00 lov \nnenled le i) «lf 
, ' 600 00 Annealed 1700 ck 
1) ooo The Ldcvrabole annealed 
ale Mice | lit 
1 t& Double annealed 
cle ‘ieee baby 
| ( 10 Drcvabole inneal 
deyree l al 
( ( 1) Normalized — Lt 
Annealed | 
ahr 
if ( 1.40 0 Normalized 1650 
lbempered 1200 
ahr 
| j ou ) i) Double normalized 
degree Penipe 
deyree l ah 
| aYaY Ooo to 31 Double normalized 
degree Lempe 
dewrees Fahe 
by annealing, and both single and double normalizing tollowed | 
tempermeg, merease the yield pomt. Good ductility is obtained o1 


yy 


yt 


double normalizing 


el is too hard tor o 


decreasing the alloy cor 


ert 


cs Of several steels 


hon content are reportes 


iit 
qu 
pre 


Wi 


and tempering and by spheroidizing.  ‘T] 
rdinary use but it could be softened up 

tent, preterably the manganese. The proj 
ot similar composition but higher im = car 


| by Critchett 


PivANIUM STEEL 


Pitamium is usually added to steels as a deoxidizet \s tita 


i does torm oa carb 
antities of titanimm 
ive the properties Ol 


re meluded in this 1 


wle* it was thought that possibly Appres baby 
present im the torm of an alloy would in 
cast steel. Several titanium-bearing: steel 


nvestigation but the properties of only o1 


‘tecl are given. Investigation of other steels has not yet been cor 


pl 


tec L'ntortunately, 


ned both nickel and 


analysis: however. rest 


yt 


l. H. Critchett Chromiur 
wiation, Vol. ALT, 1 


*William M. Thorntor hh 


i¢ Company 


the scrap used in making heat No. 5 cor 
chromium and both show up in the tin 
its given in ‘Table VI show higher ten 
nin Steel Casting lransactions American Found 


Citanium first edition, 1927, p ’ The Chemical ¢ 





O14 


a 


Sp epigns 


MBSA RACER oi Fin ain 


PETRI. 9 95h p09 


g 
v 
i 





ha res 


erat.) Rest 







































lable X 


| 
| 
( 
} le ( 
| O50 
Pemye 
ili 
| ivy 
bem) 
} 
i 
| } 
{ bahy 
| 1650 1 
i¢ i 
| | 
al 
| 
| ‘ 
Demy I 
h 
i 
| ole 
| mipere 
alie 
| | ) 
Leniye 
abit 


tee! 


Copper-Bearing Stecl—Meat Number 9° 
| Vensile 
} ( t I< Cent Vield Pont y‘trenuth | | 
; | Reduction Pounds Pet Pounds Pet I t 
i t Area are Tt hy pit Ineh I i | 
3 i) f i} \ i 
4 } ou Oooo 10) \y 
; oy Mt) i) \r i | 
re ( () 0) 1) | mines 
ta levres hal 
oN Doubl ut | 
\z che ‘ bah 
in Double inmnea 
lewre bal 
- ‘ ( Normalized 1 
& Vine iled 
% bali 
( | () | Normalized 
5 Tempered 
a bah 
8 | ) ( Double normal 
4 cle vice | i 1 
i OO cepres 
ty i | ( Double normal 
lewres becabit 
é 1s00) «le ( 
; 
z lable XI 
a Manyanese-Silicon-Copper Steel—Meat Number 10 
j lensile 
d | (‘ent Per Cent Vield Point Strenyth | | 
3 lor Reduction Pounds Per Pounds Pes oot 
‘ t {A quare Inch Square Ineh Pour | alt 1 
4 ) 1) 1O¢ 0 115,000 0 \ cast 
4 60.0 61,250 86.500 10.0 Annealed 16 
re ) ) 0 oo Annealed 0 
‘es 
e | 1 oo ( Oo Double immneale 
& cle rec bale 
, ( 8} 1 t Double anneatle 
4 lewres leah 
Es: 
e 61 6.01 6.000 Double inneate 
rs dey ree bale 
x o 60 0 OO Normalized 1 
ng lah \Vonea 
& ree | ils 
5 On 1,500 10 Normalized | 
A degree baby 
e 1’OO deere 
b ‘y ) Ov) OOO | 0) Doubl normalh 
depres hah 
= 1200 depres 
Of 6.000 0) () Double normah 
depree baht 
1300 dewres 
th and more brittleness than would be expected with a 
ial IX 
hilar analysis contammy no titanium cesuit 


um has a hardening and embritthing effect but 


midicate 


yet 


that 


there are 









206 TRANSACTIONS OF THE A. S. M 


insufficient data to form a basis of any definite conclusions 


titanium was added in the form of low carbon ferrotitanium, | R 


i 


the furnace just before tapping, and half in the stream as th 


cai: 


ran into the ladle. The recovery was approximately sixty pet 


\MLANGANESE-SILICON STEELS 


ay 


Results of three manganese-silicon steels are given in 
Vil, VIEL and IX. Heat No. 6 shows good ductility but the 


point is low and impact values only fair. Heat No. 7 is so lo 


ie cai 


carbon it would be impractical to use it for a casting alloy. 


No. 8 has good strength and ductility but low yield point and 


MEAP te 


ticularly poor impact resistance for a steel of this ductility. | 
cations are that higher manganese, silicon, or carbon would 
this type of steel so brittle it would be worthless. Apparently 
mechanical properties can be obtained in the low carbon steels 
as the carbon 1s raised brittleness increases at a much faste1 
than the tensile strength. The properties of steels of this class 


not equal those of medium manganese and there is no parti 
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reason to believe that they are better casting steels. Possibly t 
are more fluid but any advantage in casting properties is more tl 
offset by the poor dynamic properties of the steels of medium « 


bon content 's 
COopPER-BEARING STEELS 


Heat No. 9 is a carbon steel to which 0.89 per cent copper | 
been added. Comparing the properties of this steel with thos 
the carbon steel, it will be observed that the copper steel has ¢ 
siderably higher yield point and impact properties. Heat No 
is so low in copper (0.35 per cent) it could be classed as a mai 
ganese-silicon steel were it not for the results showing a higher rati 
of yield point to tensile strength than would be obtained in a mai 
ganese-silicon steel of similar analysis. Heat No. 11 is a_ nickel 
manganese steel containing more than 1.00 per cent copper. bot! 
static and impact properties are equal to those of the nickel-manga 
nese steels higher in either or both, nickel and manganese. Kesult 
in Table XII! show the effect of adding 1.25 per cent copper to 
1.00 per cent manganese steel. This steel has excellent ductilit 
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and impact properties but the carbon is too low in a steel of t! 


alloy content to obtain high strength. In all of these steels cop 
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lable XVII 
Nickel-Manganese-Molybdenum Steel—Heat Number 
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lable XVIII 
Nickel Manganese Steel—Heat Number 17 
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Nickel-Manganese Steel—Heat Number 18 
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Nickel-Manganese Steel—Heat Number 
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Nickel-Manganese Steel—Heat Number 20 
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Nickel-Manganese-Vanadium Steel—NHeat Number 21 


lensile 
Per Cent Per ¢ t Yield Point Strength Izod 
lleat | t Reduectior Pounds Pet Pounds Pet Foot 
Numb itior t Area Square Inch Square Inch Pounds Treatment 
\ 4 104,370 , oO As cast 
I} 0 110,400 | Annealed 1650 des | 
{ UU 112,000 Annealed 1700 de 
i) } 105, 0 eeee Double annealed 
degrees kaht 
j i OS ,O0UU ,3.0 Lyk uble anne aled 
cle wrecs ahr 
| | LOO ; Double annealed 
degrees Fahr 
‘ 99 SOO a Normalized 1/00 
l uh Annealed 
yrees Kahr 
iI { 107,000 10 Normalized 1650 
ahr lempered 
grees Fahr. 
' T 100 36.0 Double normalized l¢ 
degrees Fahr. lem 
1200 degrees Fahr 
in 14 000 000 38.0 Double normalized | 


ganese, or the undesirable properties of high manganese are cou! 


teracted by the nickel 


termine the effect of various percentages of carbon, manganese an 


nickel, with the carbon ranging from 0.15 per cent to 0.37 per cen! 


dewrees Fah Ler 
1300 degrees Fahr 


‘The steels in this group were made to 










































“over 


2 
os 


1 a = 


RAR 5 


XXIII 
Nickel-Manganese-Vanadium Steel—Heat 
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Table XXIV 
Nickel-Manyganese-Vanadium Stecl—Heat 
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but ductility and impact properties are low due no doubt to the con 
Con 


Per 
Reduction 


Area 
) 


tT 


Cent 


steel. 


Yield Point 


Pounds Per 


Square Incl 


64.000 


No. 


LIONS O! 









XXV 
Nickel-Manganese-Vanadium Steel—Heat Number 


lable 


Tensile 
Strength 
Pounds Per 


Square Inch 


115,000 
101,100 
101,750 
101,750 
104,000 
16,000 
i™ tit 
1? 000 
112,500 
0,000 
15. Heat 


Heat 


THE 


No. 


and impact resistance thai 





A 


Izod 

Foot 
Pounds 

14.0 


6.0 


30.0 


59.0 


71.0 


Ss. M. 


Ire 
As cast 


Annealed 


Annealed 
Double 
degrees 
Double 
degrees 
Double 
degrees 


Normalized 


Fahr. 


grees F 


Normalized 


Fahr. 
grees F 


itment 


1650 


degree 


1700 degree 


anneale 


Fahr 


“d 


} 
annealed 


Fahr 


annealed 


Fahr 


Anneal 
ahr. 


1650 


ed 


1650 


Tempered 


ahr. 


Double normalized 


degrees 


Fahr. 


1200 degrees 


Double normalized 170( 
Ten 


degrees 


Fahr. 


1300 degrees 


Fahr 


Fahr 


bination of 0.32 per cent carbon and 2.18 per cent nickel. 


paring the results of these steels with results of similar steels r 
ported by Zima," indication is that best results can be obtained wit! 


a range in analysis of : 


nese 1.00 to 1.50 per cent, and nickel 1.00 to 2.00 per cent. 


Chis group consists of nickel-manganese steels of various anal) 


NICKEL-MANGANESE-V ANADIUM STEELS 


16 


Fem 


ses to which have been added small quantities of vanadium. 


manganese content (1.47 per cent) of heat No. 21 is too high, as 
this high manganese in a medium carbon steel containing both nick 


Albert G 


\merican 





XLI, 





1933 


Zima, ‘‘Properties and Uses of Some Cast Nickel Alloy Steels,” 
Foundrymen’s Association, Vol 


Trans 


1 


17 has rather unusua 


1 


pel 
Both steels show good strenet! 


No. 20 has excellent strengt! 


Carbon from 0.25 to 0.35 per cent, manga 


0.5 
ey oy ae Raynes Wore 


Nea 





Square Inch 


of such high strength. 







Table XXVI 
Nickel- Manganese-Vanadium-Molybdenum Steel—Heat 


lensile 


Strength 
Pounds Per 
Square Inch 


108,750 
94,350 
14,000 
16 OOO 
18,400 


13,000 


45,U0U 


IS VOU 


4H 000 


| vanadium makes the steel too hard: however, the steel does show 


rood ratio of yield point to tensile strength and good ductility fon 


















legrees Fahr 
1200 degrees 


Double normalized 


Heat No. 


nickel and carbon, but with 0.50 per cent less manganese than 
eat No. 21, has good properties with exception of comparatively low 


23 the sum of 


siderably higher than was specified. 


of this group. 


igh yield point of this steel is accompanied by comparatively low duc 
Poor ductility is characteristic of heat No. 24. 
ontains the lowest manganese content (0.88 per cent) of any heat 


Heat No. 


which is almost as high 









and carbon 
The high tensile strength and 


This steel 


contains 0.33 per cent molybdenum and 


nickel content of over 2.00 per cent. 





ties are obtained from this steel but there are so many alloys pres 
nt the cost of this steel would not be compensated by the improved 
roperties, particularly when equally as good properties can be ob 
No. 26 has 


This low impact 


ined in cheaper steels of simpler composition. 
cellent static properties but is low in impact. 
be due in part to 0.25 per cent chromium that was recovered 
m the charge. The dynamic properties of these nickel-tmanganese 
adium steels are comparatively low, particularly in the annealed 
However, when it is taken into consideration that most 










I’xcellent mechanical proper 





lable XXVII 
Nickel-Manganese-Vanadium Steel—Heat Number 26 





‘Tensile i 
Per Cent Per Cent Yield Point Strength Izod 
i t | I Ik 1ctio1 Pounds Per Pounds Per cot ES 
Numbe t t Area Square Inch Square Inch Pounds Treatment a 
\ j 7.00 103,700 >) As cast 
I} 102, 15.0 Annealed 165( 
( 6¢ 102,10 eevee Annealed 1700 « 
ob be ) 101,500 . Double anneale 
degrees Fah 
| S ( 100.401 0.0 Double annealed 
degrees Fahy 
6] { i 19 200 : Double anneale 
degree s Fah 
2 1) Double anneal 
cle grees Kahr. 
ot { 6,01 02,400 Normalized 16 
Faht Annealed 
xrees Fahr 
i ' 02.750 21.0 Normalized L¢ 
Kahr rempered 
vrees Fahr. 
( { 16 ) ( 104,001 6, Double normalized 
degrees ahr | 
1200 degrees Fal 
kK 1 ry 4 30 Double normalized as 
degrees Fahr s 
1300 degrees Fah ¥g 
| ( j 100, ) >.0 Normalized 1650 Pe 
ahr. Tempered 1 RE 
grees Fahr furnace Fe 
\l | 0] 115,001 0 Water quench 1 


Kahr Temper 
grees Faht 


104,250 38.0 Water quench 16 
Kahr lempered 
grees Fahr Furnac 
ve 
ol these steels are comparatively high in carbon, the impact res! - 
ance compares favorably with that of other steels of equi 
strength. Better iiapact properties are reported by Straus: 7 
Several steels of this class were made with a vanadium range of 0.25 nuk 
per cent to 0.50 per cent. These steels were exceedingly hard “ 
brittle and would not react satisfactorily to heat treatment. In 
cations are that best results can be obtained if the vanadium content | | 
is limited to somewhat less than 0.15 per cent, and that the nickel a1 
manganese content is slightly lower than in a nickel-manganese ste . 
which contains no vanadium. The properties of three steels ¢ - 


taining less than 0.30 per cent carbon and various amounts of mai 


ganese, nickel and vanadium are reported by Strauss." 


erome Strauss, ““Vanadium in Steel Castings,’’ Transactions, American Found 


\ ition, Vol. XLI, 1933 
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en 1 
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| heats were averaged tor each treatment and listed in Table XX XI 





lable 
Treatment B 


Tensile 


Per Cent Yield Point Strength 
luction Pounds Per Pounds Per 
of Area Square Inch Square Incl 
15.0 $4,250 78,700 
50.0 62,250 94,250 
we 64,000 93,000 
48.0 62,500 104,100 
0 00 92,000 
».0 8,750 89,250 
70.0 000 77,900 
42.0 8,750 94,000 
0.0 » 000 80,000 
60.0 61,250 86,500 
40.0 69,100 96,350 
13.0 9 000 83,500 
36 9,000 83,500 
39.0 54,250 88,500 
6.0 61,250 91,000 
35.0 73,480 106,300 
39.0 63,500 105,100 
7.0 58,250 88,100 
15.5 62,900 100,000 
4.0 69,000 106,750 
o£ OU 110,400 
17.0 62,250 97,500 
38.0 66,000 106,750 
12 64,750 101,100 
, 0 63,750 94,350 
14.0 67,500 102,750 
Heat TREATS 


XXVIII 

























1 Pound 


TEN 


Comparison of the properties of different steels subjected to 


ame treatment can be made most easily by observing the results 


effects ot 


different 


treatments on each steel can better be 
m the results given in Tables II to XX VII inclusive 
eeneral effect of different treatments the results obtained 


lables XXVIII, XXIX, and XXX, but a comparison ot 


mac 
lo shi Ww 


trom 


relation of difference in properties due to different treatments 


holds for any specific steel is shown in the average values 


rcentages of carbon and alloys present. 


ay vary slightly in different steels but as a rule the same relatior 


Lun 


lity in the untreated steels usually is inversely proportional to th 


This is recognized when 


considered that the elongation of the 0.30 per cent carbon stec! 


higher than that of any other steel except heat No. 9, which heat 


“ 


ntained only 0.09 per cent carbon. 


For ductility in the untreated 


‘mens is shown in the heats containing approximately 1.00 pet 


copper and in the heats that contain molybdenum. 


Uhe difference in results from annealing at 1650 degrees Faln 


id 


degrees Cent.) and at 1700 degrees Fahr. (925 degrees Cent. ) 
































Table XXIX 


Treatment E 





Tensile 


Per Cent Per Cent Yield Point Strength Izod 
Elon Reduction Pounds Per Pounds Per Foot 
Number gation of Area Sq. In Sq. In Pounds rreatment 

1F 9.0 $7.0 45,000 77,200 5 to 28 

|} 10.0 66,000 14,000 37.0 

i} 6.0 69,500 91,250 55.0 

+} : 46.0 68,000 100,000 22.0 

I 24.0 19.0 57,500 90,000 12 to 2] 

6} 0.0 530 60,000 90,000 $5.0 

} sk | 71.0 90,750 79,000 85.0 

Fk 27.0 $3.0 99,500 93,100 21 to 28 

OF Q () ] 63,000 79,250 49.0 
LO} 30.0 65 61,000 88,250 21 to 58 Annealed 1650 degr 
11] 26.5 51.0 72,750 96,750 +7.0 
12] 30.0 51.0 63,750 83,350 58.0 followed by anneal 
13} 28.5 1.0 59,000 86,500 44.0 
14E 24.0 36.0 56,000 88,000 a degrees Fahr. (90¢ 
LSE a7 53.0 61,000 91,000 50.0 
16E 20.0 39.0 71,500 108,200 17.0 degrees Cent 
17E 25 45.0 67,750 106,000 ars 
I8SE 28.0 63.5 62,500 89,100 70.0 
19E 25.0 46.0 66,500 100,750 40.0 
20E 23 44.0 72,750 106,000 20.0 
P1E 23.0 37.0 73,000 108,000 33.0 
2E 24.5 11.0 65,750 97,250 28.0 
23E 21.0 38.0 72,000 109,300 23.0 
24E 22 39.0 69,000 104,000 27.0 
25E 25.0 48.0 67,750 98,400 52.0 
26E 2 50.0 71,750 100,400 30.0 






is that the higher temperature gives slightly better elongation \ 
a corresponding decrease in yield point and tensile strength. Dou! 
annealing increases the yield point and elongation and has a ver 
marked effect in improving the impact properties obtained on sin; 
annealing. For the three double annealing treatments, D. | 

I, highest ductility and lowest tensile strength resulted from treat 
ment I, which treatment consisted of annealing at 1700 degre 
Kahr. (925 degrees Cent.) for the initial treatment followed by ai 
nealing at 1500 degrees Fahr. (815 degrees Cent.), the latter tem 
perature being only slightly above the critical range for most 
the steels. 

Almost without exception, normalizing followed by annealin 
increased the yield point and gave ductility values approximate! 
equal to the best obtained by any annealing treatment. Unfortu 
nately, data showing the effect of this treatment on impact properti 
were not obtained. 

Single or double normalizing followed by tempering increas 
the yield point and reduction of area. Single normalizing and te! 
pering usually gave slightly less elongation than was obtained 
annealing. Double normalizing and tempering gave elongation slight 
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Yield 

Per Cet Point 
( Reduce Pounds 
| ion Per Squa 
Are i Inch 

; 19 40 

6 ) 61,301 
Q 0 69 VUO0 
1 , OOF 
+1) 62,000 
6,250 
U0 
} oUu0 
} 64,750 
63 { » SOO 
( 3.300 

0 p 
’ O.0 62,/00 

| 16.0 63,7 
10 1,000 
16 81,300 
{ 18.0 74,500 
70,100 
3 3.750 
56 3,500 
+.0 », 500 
6 +0 0,600 
0 +4 $2,290 
) 0 13,100 
{ 8 0 76,500 
} 16 49,250 

than « 
point, 


lable 


Treatment 


Vensile 
Strength 
Pounds 
Per Square 

Inch 
9,600 
87,200 
85,750 
9S COU 
11,100 
0. (0) 
100 
) { 
43.750 
00 
95,000 
SO 
83.750 
14.950 
SY os0U 
104,100 
100,100 
$6,200 
94,000 
101,000 
95,100 
95,500 
112,000 
iid, 
96 000 
104,000 


YOU 


XXX 
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()} 


+0 


0) 
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() 


7 1 


36.0 
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yntained by double annealing but the reduction of area, 


and impact properties were higher than obtained with 


other treatment 


mpering t1 


‘eatment 


ne of the advantages of a normalizing and 


that 


1S 


if certain physical specifications 


thin narrow limits the tempering temperature can be 


mpensate for slight variations in analyses 


lreatment 


varied 


Ale 


to 


IX was intended for a spheroidizing treatment but 


e time of holding at the tempering or spheroidizing temperature 


is not sufficient to effect complete transformation 


Spheroidizing 
creases the ductility but generally it causes a big drop in both yield 


int and tensile strength, but to obtain full advantage of the treat 


O1 


1D period 


the ductility of hard steels. 


nt 


HE 


Le FFECT 


‘TREATMENTS ON 


LHE 


STRUCTUE 


> 
\ 


ent the steel must be subjected to the spheroidizing temperature for 


A specific application for this treatment 1s in rats 


Photomicrographs were made of the carbon steel, heat No. 1, 


ot one alloy steel, heat No. 26, to show the effect of each treat 


On 


the 


structure, 


Little difference could be 


obset ved 


11) 


the 
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lable XXXI 


Averages 


t Per Cent Yield Tensile 
| it Cent Redu Point Strength Izod 
nt longa tion ot Pounds Per Pounds Per Foot 
tiot Area Square Inch Square Inch Pounds lreatment 

\ 10.1 1,190 100,650 6.6 As cast 

i 1 16.( 61,730 14,290 eed Annealed 1650 degrees | 

( 16.4 00,780 400 Annealed 1700 degrees | 

1 { 63.860 50) Double annealed 16 
degrees Fahr. 

| ( | 1351 1,430 8.6 Double annealed 165 
degrees Fahr 

j ) { 61.S6/ 0 Double annealed 170 
degrees Fahr. 

¢ 6.4 19. ] 67,12 660 Normalized 1650 dex 
Fahr.—Annealed 1 
grees Fahr. 

it { 6) ) ) 1 Normalized 1650 —s de 
Fahr.—Tempered 1 
grees Fahr. 

| » SOO 480 14.6 Double normalized 1¢ 
degrees Fahr. emp: 
1200 degrees Fah: 

KK 6 { 60,090 992 36.0 Double normalized 1700-1 


degrees Fahr Tempe 
1300 degrees Fahr 


structures resulting from annealing at 16050 degrees ahr. (900 ck 
grees Cent.) and 1700 degrees Fahr. (925 degrees Cent.). Der 
dritic structures were noticeable in both steels after being subject: 
to either treatment. Double annealing caused a smaller grain siz 
but dendritic structure was as much in evidence as with single ai 
nealing. Normalizing followed by annealing gave a structure simi 
lar to that obtained by double annealing. Normalizing followe: 
by tempering gave a fine grain structure with good dispersion o| 
constituents, practically tree from dendrites. Double normalizin; 
and tempering gave a structure similar to that obtained by singk 
normalizing except that the grain size was smaller with the doubl 


treatment. [limination of dendritic structure in cast steel appa 


ently depends upon the cooling rate through the critical range and 


not upon the temperature of treatment. This is by no means a new 
idea as the work of Hall, Nissen and Taylor'® conducted a numbet 
of years ago shows similar results. Even though dendritic struc 
ture can be eliminated by rapid cooling through the critical range 
there will be a recurrence of this structure if the steel is heated t 


within or above the critical range and slowly cooled. 


John H. Hall, Arvid E. Nissen, and Knox Tavlor, “Heat Treatment of Cast Steels 
Bulletin, American Institute of Mining and Metallurgical Engineers, No. 153, 1919, p. 288 
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resulted 

















mechanical 


stecls comparatively low in 


LOO pel 


he most 


steels 


do not appear to attect the propertie 
experienced with some other 
trength tor the quantities of carbon and alloy 
vanadium steels 


wed better resistance to impact than any of the high 


the best 


trom 


and tempering 


and elongation approximately as high a 


PFCCUTTCHIC( 


sion of constituents than obtained by any annealing treat 
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must be 


steel 1s low 
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be found 


al 


mparatively rapid cooling through the 


are reflected in much fine1 


range 


promotes 


to be eliminated 


dendritic structure even though the 


been rapi ly cooled from above the critical rane < 


even 


ter dispersion than obtained by single normalizing 
followed by tempering to obtain 


in carbon and alloys. 
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“copper segregation can be noticed in risers and around the grains ¢ 


hot tears in copper-bearing steels,” and, that “possibly this copper s¢ 








is a contributing cause to these hot tears in steel containing high cop; 





until there is some conclusive evidence that copper does not Cause ca 








crack, copper steels will never be very popular with foundrymen.” 





Segregation of copper in steel is not as prevalent as might be 














trom the author's statement Phe diagram tor the copper-iron syster 





panying this discussion, shows a solubility of copper in gamma iro 











alpha iron at 810 degrees Cent. (1490 degrees Fahr.) to be 5.5 and 3.4 





respectively he fact that the alloy may contain carbon is unimporta 








normally copper steels for castings contain less than 5 per cent copper: 
; | PI 





solidify with no separation and little if any segregation of copper | 











of the Committee on Heterogeneity of Steel Ingots’ shows that even i 








ingots containing as high as 1.2 per cent of copper practically no seer 


Was obse rvé ad 








Phe decrease in solubility of copper in alpha iron trom 810 degre 








(1490 degrees ahr.) to room temperature allows copper to separate unt 








as tiny particles, sometimes visible under the microscope, throughout the 1 





ot the steel hese particles do not concentrate at the grain boundart 








do they migrate to form large globules of copper, but imstead they ren 





particles that may grow, with slow cooling or prolonged heating, to su 








they barely become visible at a magnification of 100 diameters. The li 





solubility of copper at room temperature is probably between 0.4 and 0 








cent Incidentally, the decreased solubility of copper with lowering ten 








tures permits the steels to be materially hardened and strengthened thu 








the agency of precipitation hardening. Seemingly, the precipitation of « 




















wise is not a detriment to the steel nor is it a cause tor segregation dete! 











able by chemical or visual examination. 








The alleged segregation noticed in risers and around the grains exp 








hot tears in copper-bearing steels 1s undoubtedly not a case of segregat! 











thorough distribution in the bath, but is the result of preferential oxidat! 





iron occurring in copper-iron alloys. Because the iron is oxidized in p 











ence to copper, a heated surface ot copper steel exposed to air o1 








oxidizable gases will often have a copper-colored surface beneath the 








scale. Such copper colored surtaces were noticed frequently on tops ol 





and risers from steel castings. While at first the inference might be mad 











the copper had segregated to the surface, closer examination will rev: 





cause for the presence of copper to be that as stated above. lurthermor 








the specific gravity of copper at 8.9 and that of iron at 7.8, separati 





segregation of copper in steel would tend to concentrate the copper towaré 





bottom of the casting, but this 1s not the case. 








\ similar explanation, that of preferred oxidation of iron, will ac 








tor the presence of copper at the grains exposed at hot tears ot coppet 








'Torajiro Ishiwara, Takeo Yonekura. and Toyozo Ishigaki, “On the Ternary D 





























of the System Tron, Carbon, and Copper,’ Science Reports, Tohoku Imperial | 
Series I, Vol. 15, 1926. No. 1, p. 81-114 
British Iron and Steel Institute, Fourth Report of the Heterogeneity of Steel | 








Advance copy, p 1, 1932 











trom alpha iron as a result of this precipitation hardening treatment and ot 


all, if the copper was alloyed with the steel early enough to melt and_ pet 


{ 


+ 


~™ 


1 
Al 
ry ry - “~ ania nn 

We Chit Per cent Coope 

Equilibrium Diagram of the 


Limiting Solubilities 
ot ¢ S. Smith) 


system 


Iron-Copper Sho 
of Copper in) tron 


(Krom lis 


iuse of this fact it is not surprising that copper has been considered 


for hot tears in steel castings, whereas its presence in visible 
a consequence of the oxidized surface. 


ds a 


rel 
CLy 


florm 1s 


1 


In other words, the copper does 
a | 


pear visually at the surface of hot tears until after the tears have formed 


accusation that copper causes cracking im 


cast steels is not 
consequently it should not 


detract from. the 
re they could be used for castings 
Written Discussion: 


founded on 
popularity Ol coppel steels 


By A. Finlayson, 
idiry Co., Seattle, Washington. 


lhe writer has studied this 


metallurgist. Pacific Car and 


paper by Mr. Armstrong with a great deal 


terest, and particularly that portion which discusses the effect of copper 
eel castings. 


We have been investigating the properties of copper steel alloys tor many 


and while Mr. Armstrong's report very closely corroborates results which 
ive obtained with similar compositions, we do not believe that the tour 


which he discusses are sufficiently comprehensive for the deduction ot any 


il conclusions as to the merits or demerits of copper as an alloying ele 
in cast steel. 
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l'urthermore, in seeking a steel for ship castings with high elast 
ductile properties, he seems to have entirely overlooked the aging, Or pre 
tion hardening phenomenon so characteristic of copper steels. 


Mr. Armstrong has very pertinently observed that copper is not retaj 


olid solution in quantities much over 0.35 per cent “unless the steel c 


appreciable quantities of silicon or some other alloy that will cause the « 


1 


to be retained in solution,” yet he does not show that he has investigated 


high silicon steel with more than this percentage (0.34 per cent) of coppe 


We have found that it requires more than the usual amounts of both 





ind manganese together with low carbon, (less than 0.20 per cent) in 


Orc 


] 


retain beneficial amounts of copper in solid solution, Wath such an art 





ment, however, exceptional results may be obtained In Heat No. 10 






\rmstrong untortunately has included no more copper than it is stated y 


ordinarily be soluble without such high percentages of these two ek 


Thi 





lhis heat, theretore, proves nothing with respect to copper, except wl 











commonly known that even small amounts tend to raise the yield point 

lhe writer would like to submit the properties of three typical copper 
ol which our toundry has made several hundred tons for commercial casti 
It will be noted that these steels are all in the annealed condition and « 


lor the higher copper content are of the same general composition as Mr. Ar; 





trong s Heat No. 10.) lor ease of comparison, we have placed this heat 


LOB) 





in the first column 



















PC&lk PC&l ia 

\rmstrong s No. 1 No. 2 N 

Lleat No. 10 Annealed Annealed Amt 
Annealed ate 900° C 900° « 
QO0" « 2 irs > Hrs i 

















Carbon 0.14; 0.134 0.153 
Mat ines 1.43 1.29 1.08 
silicor 1.09 0.910 1.09 
Copper 0.340 1.& 1.89 | 
Yield Point, 1 61,250 68.350 69,550 ( 
lensile treneth i 6,500 90 000 89.750 y 









,? SO YQ 7 
9 











With reference to the mention of “hot tears,” and the belief that copp 


causes steel castings containing high copper to crack, we have tound. trot 







long experience that there is no foundation whatever for this traditional id 
unless by “high copper” is meant percentages in excess of 2.50. It is possi! 


that with the compositions employed in Mr. Armstrong’s experiments ther 






might be a tendency to crack due to the fact that, with the exception of Heat 


No. 10 (which is admittedly not a copper steel), there is an excess of carb 





ind an insufficient amount of manganese and silicon to retain all of the coppe! 





in solid solution. Yet we doubt if this mav be well demonstrated with sin 


heats of only 1200 pounds. But even with similar composition, we have neve! 






encountered any greater degree of cracking than is met with in ordinary toundt 
practice although we have not made a sufficient quantity nor variety of cast 


in this category to warrant conclusive judgment. 






With the compositions shown above, however, we may speak with so! 
authority, since, over the past six years our foundry has poured several hundre 


tons of such steel into commercial castings ranging in weight from three pour 
ha 





to seven tons, and made in heats of 3- to 10-ton charge The castings 
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Mechanical Properties 


76,400 
( 1600 


6 00 
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This discussion is in no way intended as an adverse criticism, but is n 





summarization of the data from a slightly different point of view. 





fhe author has shown that the desired mechanical properties may 
tained provided the manganese content is above 1 per cent. This is true 


limits, and the steels referred to by him and described in the paper b 






Critchett presented at the American Foundrymen’s Association meeting 
1933, tend to bear out this conclusion. In Mr. Critchett’s paper it is 


that an alloy steel with 0.5 per cent chromium and 0.6 per cent. silico: 






maximum physical properties with manganese above | per cent. However 


possible to achieve satisfactory physical properties by proper alloy b 






without resorting to 1 per cent manganese; for example, for certain pu 
a steel casting analysis calling for 3 per cent chromium and less than 0.5 


cent manganese gives values that are better than those shown by the a 


and incidentally we should classity the 3 per cent chromium steel as a low 





steel. To cite specifically, a steel with 0.36 per cent carbon, 0.41 per 
manganese, 0.23 per cent silicon and 3 per cent chromium in the norma! 
and tempered condition gave a tensile strength of 118,000 pounds per s 


inch, a yield point of 94,000 pounds per square inch, an elongation of 23 pe: 











{ 


in 2 inches, and a reduction of area of 51 per cent. 





manganese-vanadium type of steel, does not correspond to our conception 
suitably balanced analysis. Slightly modifying the analysis, a steel of the san 


( 


tvpe but of suitably balanced analysis may be cited: 0.3 per cent carbon, 1.30 







pel 
I 


per cent manganese, 0.50 per cent silicon, 0.65 per cent chromium and 0.09 
cent vanadium; this gave a yield point of 80,000 pounds per square inch, tensil 
strength of 105,000 pounds per square inch, an elongation of 29 per cent, a 60 


per cent reduction of area, and an impact value of 57 foot-pounds. The valu 






obtained on Heat No. 4 are even lower than we would expect from. th 


analysis given. That some other factor is involved is shown by the reducti 





of area and elongation relationship which is unusual. 





he erratic values in impact in the as-cast condition are not unusua 


Heats 22, 24 and 25 would be expected to give results of the same order ot 





magnitude, but they do not. This is merely mentioned as a caution against 






drawing any conclusions from impact values in the as-cast condition. 
he author has shown definitely that the nickel-manganese-vanadium steel 


have good physical properties However, equally good properties may !x 






obtained with less expensive steels such as chromium-vanadium or manganes‘ 
vanadium if the analysis is properly selected to give a balanced alloy content 

lr. H. Netson If there is no further comment I would like to add just a 
word that is somewhat along the line of the remarks made by Mr. Kinzel; | wil 


still keep down on the lower alloy content and not go as high as 3 per cent 







do not quite altogether agree with Mr. Armstrong’s contention that coppe! 





the only alloy that can be safely added without in any way adversely affectin: 
the ductility. I think the straight-carbon molybdenum steels are worthy 0! 





little fuller investigation before that statement is allowed ta go by without 
qualification 
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Author’s Closure 


i@ has submitted an excellent criticism, and though it is not my 


to enter into an involved discussion ot the tron-copper system, it is 


lifheult to accept the theory that the preterred oxidation of iron to cop 


s copper color in steel if the copper ts in solution lhe fact remains 
experience in making copper bearing steels has been that castings 
en do crack as the copper passes some point above 1.00 per cent, 
there is not an appreciable quantity of some alloy to retain the 
solution, and also, copper as either copper or a high copper-iron 
he detected in high copper steels under the microscope Csec photo 


hs accompanying this discussion ) Inadvertently, the term “seere 


ips 


was used to apply to copper not in solution. Mr. Lorig cites the dit 
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in the specific gravity of copper and of iron to illustrate that 


event of segregation, would all settle to the bottom of the casting Phere 


suggestion in the paper that the two metals are not completely soluble 


were not even. slightly 


in the solid state it is doubtful that the copper would all segregate to 
tw 


In evidence, attention is called to some of the high tin ailovs 


answer to both Mr. Lorig and Mr. Finlayson, it was believed not pert 


» discuss the precipitation hardening characteristics of copper steel because 


ssion in the paper was limited to results obtained on testing and to certam 


k in the mold 
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